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Abstract 
Redox films are a broad class of electrochemically active films with many potential 
uses. In the present work, Prussian Blue and carbon coated electrodes have been 
investigated as possible electrochemical sensors for ascorbic acid and pH, respectively. 
,<' r" .; '. . , '\ ' 
The potential of Prussian Blue as an optical sensor has also been investigated. 
In the case of Prussian Blue, it has been discovered that up to 100 monolayers can be 
systematically deposited on gold electrodes by a ne~ technique that we have called 
"directed assembly". This provides control of layer thickness with nanometer 
precision. 
In the case of carbon coated electrodes, we have developed a mechanical coating 
technique for quartz crystals, which allows them to be used in electrochemical cells, 
simultaneously as working electrodes and as mass sensors in a quartz crystal 
microbalance. This opens up the possibility of developing a variety of new sensor 
technologies, including pH-sensitive microelectrodes. 
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Chapter 1 Introduction 
1 
1.1 Introduction 
There are various classes of redox active compounds that can be immobilised onto the 
surface of electrodes. These include monolayer films such as 9,10 phenanthraquinonel , 
inorganic films such as Prussian Blue2, polymer films such as polypyrrole3, biologically 
related materials such as enzymes4 and composites and multilayer assemblies such as 
polypyrrole in Nafion®5. In the present work, several mixed valency metal 
hexacyanometallate modified electrodes were studied, the prototype and most well 
known of which is Prussian Blue (iron(III) hexacyanoferrate(II} or ferric ferrocyanide}. 
Prussian Blue and its analogue modified electrodes have been reported to show 
electrocatalytic properties towards certain biological analytes, for example ascorbic 
acid6, dopamine7 and reduced nicotinamide adenine dinucleotide (NADH}8,9. Prussian 
Blue and analogue modified electrodes therefore show considerable potential for the 
development of electrochemical sensors for biologically and clinically important 
compounds. The initial aims of the project were to investigate the bioelectroanalytical 
uses of Prussian Blue and its analogues as thin films on inert substrate electrode 
surfaces. It was hoped this would lead to the development of a modified carbon fibre 
sensor for selected biological analytes. Carbon fibres are inexpensive and relatively 
inert. 
There has been considerable research into modified electrodes since their development 
by Murray and co-workers lo, 11 in 1975. They have subsequently been the subject of 
numerous reviewslO, 11, 12, 13, 14, IS, 16, 17, 18, 19,20,21,22,23,24,25,26,27,28,29,30. Interest in 
modified electrodes is based mainly on possible applications. Electrocatalysis is of 
prime importance for it uses in fuel cells, batteries and other electrochemical devices. 
Modified electrodes can also be employed as electrochromic devices3!, molecular 
electronic devices32 and analytical sensors33. Electrochemical techniques, employing 
sensitive amperometric sensors can provide inexpensive and quick analytical tests for 
the determination of trace concentrations of biologically and clinically important 
compounds34. 
2 
1.2 Modified Electrodes 
To produce a modified electrode a thin layer of material is coated onto a conducting 
substrate. This ensures that the direct electron transfer of electrons between substrate 
and electrolyte is not possible, providing the film is pinhole-free. The electrochemical 
reactions are therefore between the electrode and redox couples in the coating and the 
redox couples in the electrolyte. 
Electrode Coating Electrolyte 
Figure 1 Diagram of the electron transfer for a modified electrode. 
The coating may be attached to the substrate by direct chemical attachment, 
electrochemical coating, adsorption or by plasma coating!S, 2!, 28. 
The modification of an electrode is intended to produce a surface that is free of the 
problems associated with the bare surface. Typical problems include the fouling of the 
electrode or the existence of slow reaction rates!9. 
Once modified, the electrode takes on the surface character of the immobilised layer, 
and hence may show an improved ability to hold charge, decrease overpotentials, select 
specific reactions, accelerate specific reactions, or become sensitive to external stimuli 
such as light. A modified electrode can also show an increase in specificity and 
reactivity towards certain species in analytical applications. 
3 
1.3 Electrochemical Sensors 
An electrochemical sensor is a device which responds to a particular analyte in a 
selective way through an electrochemical reaction. The response can then be used for 
qualitative or quantitative detennination of the analyte. Electrochemical sensors 
include potentiometric sensors and voltarnmetric or amperometric sensors. 
Electrochemical sensors now play an important part in the monitoring of analyte 
concentrations35• 
Potentiometric sensors measure the potential generated when the surface of a solid 
material is placed into a solution containing ions that can exchange with the surface (for 
example ion-selective electrodes). Voltarnmetric or amperometric sensors measure the 
current flowing when a species is oxidised or reduced at a fixed potential. The fixed 
potential is dependent on the reduction and oxidation species in question. 
Amperometric sensors measure the current at a single applied potential whereas 
voltarnmetric sensors measure the cell current as the potential is scanned from one 
preset value to another. 
1.3.1 Modified Electrodes as Electrochemical Sensors 
Electrochemical sensors based on chemical surface modification are advantageous 
because they combine the high sensitivity of amperometry, voltarnmetry and 
potentiometry with the selectivity and stability provided by the surface modifier. 
Solid based electrode sensors are troubled by a gradual fouling of the electrode due to 
adsorption of large organic surfactants or of reaction products, an inability to 
discriminate between solutes possessing similar redox properties and slow electron 
transfer kinetics at commonly used electrode materials. Modified electrodes can be 
used to overcome all or some of these problems, for example the non-specific 
adsorption of serum proteins (human serum albumin) was prevented by modification of 
a glassy carbon electrode with ethyleneglycol, diethyleneglycol, 1,2-propanediol and 1, 
3-propanedioe6• The human serum albumin wa,s significantly adsorbed onto the surface 
of the bare electrode. The reduction of ferricytochrome C does not occur at a bare 
4 
platinum or gold electrode surface37• Modification ofthe electrode with N, N-dialkyl-
4, 4'-bipyridinium electrocatalyses the reduction ofthe ferricytochrome C37• 
1.4 Electrocatalysis 
Electrocatalysis is the phenomenon of increasing the rate of an electrode reaction by 
changing the electrode material. The rate of reaction at the electrode depends strongly 
on the composition and morphological structure of the electrode surface, for example 
the Kolbe reaction based upon carboxylic acids occurs by a two-electron formation of a 
radical followed by a dimerization at a platinum anode. The same reaction at a carbon 
anode forms a wide variety of products dependent on other species presenes. The 
Kolbe reaction is therefore highly dependent on the nature of the electrode substrate. 
The oxidation of hydrocarbons is also dependent on the nature of the electrode 
substrate39• The electrocatalytic rate of ethane and other hydrocarbons on noble metal 
electrode substrates was high enough to incorporate the hydrocarbon oxidation process 
into an energy producing device. The reduction of water and the hydronium ion is also 
dependent on the nature of the electrode substrate. The exchange current density for 
platinum is approximately ten orders of magnitnde larger than mercury in 1 M sulphuric 
acid4o• This makes mercury a better choice for cathodic processes. 
1.4.1 Modified Electrode Electrocatalysis 
Electrocatalysis at a modified electrode is typically a mediation of electron transfer 
reactions by the immobilised redox couple. This is between the electrode and some 
substrate that would otherwise undergo a slow electrochemical reaction at the bare 
electrode, for example ferricytochrome C37• 
Electrocatalysis at a modified electrode can be distinguished from heterogenous 
electron transfer between an immobilised redox couple and a redox analyte in solution. 
Heterogenous electron transfer at a modified electrode would occur just as readily at the 
same potential at a bare electrode (assuming no overpotential exists on the bare 
electrode surface). Electrocatalysis is accomplished by charge mediation, but not all 
mediation results in electrocatalysis24• 
5 
Electrocatalysis at a modified electrode for electroanalysis purposes is used for 
amplification of the detection signal. In many cases, a mediator immobilised on an 
electrode surface is more active than being in solution or in a polymer film41 
Electrocatalytic modified electrodes increase the sensitivity for a particular species, 
either as an electron transfer mediator, providing reactants or regenerating the analyte, 
or by shifting the oxidation/reduction potentials to less extreme values. The application 
ofless extreme potentials can improve both selectivity and detectability24. 
The electrode kinetics of a species are often slow at a bare electrode surface, so the 
oxidation or reduction occurs at a potential much more positive or negative (an 
overpotential exists). This overpotential can be reduced by modifying the electrode 
surface, for example Lau and Miller42 used a o-quinone modified carbon electrode for 
the electrocatalytic oxidation ofNADH. 
1.5 Electroanalysis and Bioelectroanalysis 
Electroanalysis is the application of electrochemistry to solve analytical problems. 
Bioelectroanalysis is the application of electroanalysis to the analysis of biological 
compounds. Electrochemical methods have certain advantages over non-
electrochemical methods, for example UV Ivis spectroscopy. These include analyte 
selectivity resulting from the choice of electrode materials, high sensitivity and low 
detection limits in certain cases. 
Kauffmann and Vire reviewed the pharmaceutical and biomedical applications of 
electroanalysis43. They reported that unless the require~ents of drug analysis are 
understood and applied, electroanalytical methods will only have limited success in 
routine analysis. Several benzodiazepines are electroactive44 but the official 
pharmacopoeia assay method for diazepam tablets is based upon spectrophotometric 
determination 4S. 
6 
1.6 Electrochemical Analysis of Modified Electrodes 
A number of electrochemical methods are used to analyse modified electrodes. Only 
the potential controlled methods will be mentioned below as they provide quick and 
useful information about the system under investigation. 
Linear sweep voltammetry and cyclic voltammetry were first introduced by Matheson 
and Nichols in 193846 and later described theoretically by Randles47 and Sevcik48• They 
provide a quick electrochemical "spectrum" of a charge transfer system49, 50,51,52,53 
(Equation 1). 
O+ne" =R (1) 
Equation 1 General charge transfer reaction, where 0 is the oxidised species, n the 
number of electrons (e) and R is the reduced species. 
1.6.1 Linear Sweep Voltammetry 
In linear sweep voltammetry the potential of the working electrode is swept from a 
value, Eh at which a species cannot undergo reduction/oxidation to a potential, E2, 
where the electron transfer is driven rapidly. Linear sweep voltammetry is conducted in 
quiescent solution and so relies on diffusion to transport the electroactive species to the 
electrode surface. The mass transport of the electroactive species (A) to the electrode 
can be predicted using the following equation: 
(2) 
Equation 2 Mass transport of the electroactive species (A), where DA is the diffusion 
coefficient of the electroactive species, [A] is the bulk concentration of the electroactive 
species, x is the distance from the electrode and t is the time. 
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The applied potential is a function of scan rate (v) and time (t) (Equation 3). 
(3) 
Equation 3 Calculation of the applied potential (E) at time (t), where El is the initial 
potential, v is the scan rate (V S·I) and t the time (s). 
The resulting voltage versus time transient is linear (Figure 2). 
Voltage 
E ' , ' ~ ----------------
Time 
El --------~---------
Figure 2 Potential versus time transient for linear sweep voltammetry. 
The resulting current versus voltage plot or linear sweep voltammogram for a reversible 
redox species can be seen below (Figure 3). 
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Figure 3 Linear sweep voltarnmogram for the reduction of a reversible redox species, 
where ip is the peak current and Ep is the peak potential. 
As the potential of the electrode is swept to more reducing potentials it reaches values 
that are capable of inducing the reduction of the e1ectroactive species, and current starts 
to pass. The current initially rises approximately exponentially with time. As more 
negative potentials are reached the rise becomes less than exponential and a maximum 
is reached. The current then falls off. The current falls as the electroactive species is 
consumed at the electrode surface and only partially replenished by diffusion of the 
electroactive species from the bulk solution. 
The peak current (ip) reflects a balance between an increasing heterogenous rate 
constant and a decrease in surface concentration of the electroactive species. The 
current flowing after the peak current has been attained is simply controlled by the rate 
at which the electroactive species can diffuse to the electrode surface. The fall in 
current is due to the fact that the electroactive species has further to diffuse as the zone 
around the electrode is depleted. 
1.6.2 Cyclic Voltammetry 
In cyclic voltarnmetry the potential of a stationary electrode is cycled in a quiescent 
solution whilst measuring the resulting current. The potential of the working electrode 
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is swept from a value, Eh at which a species cannot undergo reduction/oxidation to a 
potential, E2, where the electron transfer is driven rapidly. 
The voltage scan is reversed after the current maximum of the reduction process has 
been passed. The applied potential (E) is a function of the speed at which the potential 
is swept (v) and the time of the sweep (t) (Equation 3 and Equation 4). 
(3) 
E = El - 2vA. + vt (t>A.) (4) 
Equation 4 Calculation of the applied potential (E) at time (t) for cyclic voltammetry, 
where El is the initial potential, v is the scan rate (y S·l), t the time (s) and A. the 
switching time. 
This results in a triangular potential versus time waveform (Figure 4). 
Voltage 
E2 -----------------
Time 
Figure 4 Potential versus time transient in a cyclic voltammetry experiment. 
The triangular waveform sweeps the potential back and forth between two switching 
potentials or potential limits. The scan rate employed varies from millivolts per second 
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to volts per second. Slow scan rates are used to measure "steady state" current/voltage 
curves on the assumption that the surface relaxes sufficiently rapidly that the system is 
negligibly different from the steady state. Fast scan rates are used to test for the 
existence of short-lived intermediates. 
The resulting current versus voltage plot or cyclic voJtarnmogram for a reversible redox 
species can be seen below (Figure 5) . 
• red ___ _ 
-I ---P 
-i 
O+-~----~--~~~----~~----0.2 -0.2 E-E 
e 
.ox __ _ 
-- Ip --
Figure 5 Cyclic voltarnmogram for a reversible redox species, where E/" is the peak 
oxidation potential (V), E/ed is the peak reduction potential (V), ip 0" is the peak 
oxidation current (A) and i/ed is the peak reduction current (A). 
The current at the stationary working electrode is measured under diffusion controIIed, 
mass transfer conditions. The peak current is defined by the Randles-Sevcik equation 
(Equation 5) for the reduction of an electroactive species (Equation I). 
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(5) 
Equation 5 Randles-Sevcik equation, where ip is the peak current (A), n is the number 
of electrons per molecule oxidised or reduced, A is the electrode area (cm2), Do is the 
diffusion coefficient of the oxidant (cm2 sec·I), V is the scan rate (V sec·l ) and co" is the 
bulk solution concentration of species (mol cm·3) at 25'C. 
The peak current for a diffusion controlled redox species is therefore proportional to 
v1l2, when all other parameters are constant (Equation 5). 
The potential separation of the peak oxidation and reduction currents is approximately 
59 mV (ifn = 1 and 25'C) and is independent of scan rate (Equation 6). 
I I 0.059 Epox _EpRed __ _ 
n 
at 25'C (6) 
Equation 6 Potential separation of peak currents, where Ep Ox is the peak oxidation 
potential (V), E/ed the peak reduction potential (V) and n the number of electrons in the 
electrode reaction. 
1.6.3 Cyclic Voltammetry with Modified Electrodes 
The voltammetric characteristics of an immobilised redox species differs from a 
diffusion controlled redox species. The cyclic voltammogram expected for a reversible 
immobilised redox species would show identical peak potentials and waveforms for the 
cathodic and anodic surface waves (Figure 6). 
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nFA 
I~ 
-E 
Figure 6 Reversible cyclic voltammogram of an immobilised redox species, where 
EO Surf is the redox potential of the immobilised redox species. 
The cyclic voltammogram shown (Figure 6) is for the reduction and subsequent 
oxidation of all adsorbed species within the potential cycle. Most modified electrodes 
exhibit a diffusionally controlled process t, or between the two cases. 
. n2F'Arrv 
Ip = 4RT (7) 
Equation 7 Peak current for an immobilised redox species, where ip is the peak current, 
n is the number of electrons in the reaction, F is the Faraday constant, A is the electrode 
area (cm2), rr is the total electroactive coverage (mol cm·2), R is the gas constant (J Kt 
mort) and T the temperature (K). 
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(8) 
Equation 8 Determination of the total surface electroactive coverage (I'r). where ro is 
the surface electroactive coverage of the oxidised species (mol cm-2) and rR is the 
surface electroactive coverage of the reduced species (mol cm-2). 
The peak current for an immobilised redox species is proportional to v (Equation 7). 
Unlike with a diffusion controlled redox species the peak potentials and wave shapes 
for the cathodic and anodic surface waves are identical and ,1Ep = O. 
1.6.4 Distinction Between a Diffusion Controlled or an Immobilised Redox Species 
Case from Peak Current and Scan Rate Measurements 
The peak current for a diffusion controlled and a thin film immobilised redox species is 
proportional to vl12 and v respectively. 
From the Randles-Sevcik equation (Equation 5) for a diffusion controlled redox 
species; 
Therefore; 
1 
logip '" '210gv 
From the peak current equation for a thin film immobilised redox species (Equation 7); 
i ex V p 
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Therefore; 
logip " logv 
Therefore plotting a graph oflog ip versus log v will have a gradient of 1 for a thin film 
immobilised redox species and 0.5 for a diffusion controlled redox species. By 
definition a diffusion controlled redox species cannot have a gradient greater than 0.5. 
An immobilised redox species often displays mixed behaviour having a gradient of 
between 0.5 and 1, for example Prussian Blue54• 
1.6.5 Electrochemical Quartz Crystal Microbalance 
The electrochemical quartz crystal microbalance measures the mass change at the 
electrode surface simultaneously with the electrochemical response55, 56, 57, 58, 59, 60. 
The electrochemical quartz crystal microbalance utilises the piezoelectric properties of 
quartz. Quartz resonates when subjected to an electric field and undergoes a shear 
deformation (Figure 7). The resonant frequency of the quartz crystal depends upon the 
physical dimensions of the quartz plate and the thickness of the electrode deposited. 
",."" 
i-
I 
I 
I 
",-
",. 
Figure 7 Shear deformation of quartz. 
Shear 
Both AT-cut and BT-cut quartz crystals can be used as piezoelectric detectors. The 
AT-cut crystal is most commonly used due to 'the low temperature coefficient of 
frequency change. AT and BT refer to the angles at which the quartz is cut (Figure 8). 
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Figure 8 Quartz crystal (a) axes, (b) AT-cut and BT-cut angles. 
AT- and BT-cut quartz crystals are the only two high frequency mode cuts which 
vibrate in the thickness shear mode about an axis parallel to the major surface. 
It has long been known that changes in the resonant frequency of the quartz crystal are 
related to the mass change on the electrode surface. The mass change at the electrode 
surface can therefore be accurately measured whilst performing electrochemical 
experiments (Figure 9). 
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Figure 9 Electrochemical quartz crystal microbalance instrumentation. 
The quartz crystal has gold electrodes deposited onto each side of the quartz. In the 
electrochemical quartz crystal microbalance one side of the quartz crystal is exposed to 
a solution in an electrochemical cell and the other side to the atmosphere. 
Sauerbrey was the first to express the relationship between the change in frequency and 
mass on a quartz crystal oscillator in 1959 (Equation 9)61. 
L1f = -2L1mnf~ 
A~PqPq 
(9) 
Equation 9 Sauerbrey equation, where 4fis the frequency change (Hz), L1m is the mass 
change (g), n is the harmonic number of oscillation,/o is the resonant frequency (Hz), A 
is the piezoelectrically active area (cm2), J1q is the shear modulus of quartz (2.947 x lOll 
g cm,l S·2 for AT-cut quartz) and Pq is the density of quartz (2.648 g cm,3). 
A decrease in frequency is therefore proportional to an increase in mass on the electrode 
surface. 
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The Sauerbrey equation (Equation 9) can be simplified for a quartz crystal of a 
particular frequency. 
Jf= -S.dm (10) 
Equation 10 Simplified Sauerbrey equation, where S is the Sauerbrey constant for a 
quartz crystal of a particular resonant frequency, Jf is the frequency change (Hz) and 
.1m is the associated mass change (g). S = 1.13 x 109 Hz gol for a 10 MHz crystal (A = 
0.2 cm2). 
. The resonant frequency of the quartz crystal is dampened by the deposition of 
electrodes onto the quartz and by immersing the electrode in aqueous solution. 
Cyclic voltammetry can then be perfonned using the quartz crystal as the working 
electrode whilst recording the simultaneous mass change at the electrode surface. 
1.6.5.1 Electrochemical Quartz Crystal Microbalance Applications 
The electrochemical quartz crystal microbalance has a number of applications including 
the underpotential deposition of metals62, mass changes in thin films during redox 
processes63, electrosorption of monolayers64, adsorption/desorption of surfactant 
molecules65 and multilayer film deposition and dissolution66o 
Deakin and Melroy62 reported the underpotential deposition of lead, bismuth, copper 
and cadmium onto a gold surface. 
The ion and solvent transport in thin films of poly(vinylferrocene), a redox polymer 
film was reported by Varineau and BUttry63. The mass increase on film reduction and 
reversal on oxidation is equivalent to the insertion/expulsion of a PF6° anion. 
Bruckenstein and Shay64 studied the fonnation of an adsorbed oxygen monolayer on a 
gold surface. An increase in mass was observed for the fonnation of the adsorbed 
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monolayer. The original frequency of the crystal was attained when the adsorbed layer 
was removed by reduction. 
Saji et al. 6s showed that (ferrocenYlmethyl)dodecyldimethylammonium bromide forms 
micelles when the ferrocene group is in the iron(II) form. These micelles are disrupted 
when the ferrocene is oxidised to iron(IlI). The adsorption of these molecules could 
therefore be electrochemically controlled. 
Ostrom and Buttry66 reported the deposition and dissolution of 1,1 '-diheptyl-4,4'-
bipyridinium bromide films under potential sweep and step conditions. The mass 
changes during dissolution were consistent with a pitting mechanism causing an 
increase in the film rouglmess and later film disintegration. The potentiostatic 
deposition causes large apparent mass loadings attributed to nucleation processes. 
1.7 Metal Hexacyanoferrate Modified Electrodes 
In the present work various mixed valency metal hexacyanometallate modified 
electrodes were studied. 
Metal hexacyanoferrate modified electrodes of cadmium67, chromium68, cobalt69, 
copper70, indium71, manganese72, molybdenum73, nickeI'4, palladium7s, platinum76, 
rhenium72, rhodium72, silver77, tin78, titanium79, vanadium8o, zinc81 and zirconium82 
have been reported (Table 1). 
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Metal Hexacyanoferrate Film 
Cadmium 
Chromium 
Cobalt 
Copper 
Indium 
Iron (Prussian Blue) 
Manganese 
Molybdenum 
Nickel 
Palladium 
Platinum 
Rhenium 
Rhodium 
Silver 
Tin 
Titanium 
Vanadium 
Zinc 
Zirconium 
Redox Potential / V versus SCE 
(unless otherwise indicated) 
+0.65 
+0.65 
+0.59 
+0.69 
+0.80 
+0.20 and +0.90 
+0.76 
+0.30 
+0.55 
+0.75 
+0.75 
+0.70 
+d.76 
+0.65 (versus Ag I AgCl) 
not available 
+0.05 
+0.80 and +0.90 
+0.63 (versus 1 M KCl) 
+0.20 
Table 1 Metal hexacyanoferrate film redox potentials. 
Only those metal hexacyanoferrate modified electrodes with redox couple potentials 
less than +0.5 V versus SCE were studied in the present work (excluding zirconium, see 
below). This is due to reducing the possibility of oxidising any easily oxidisable 
species at a potential greater than +0.5 V versus SCE .. 
The only metal hexacyanoferrate modified electrodes with redox couples less than +0.5 
V versus SCE are Prussian Blue, titanium, molybdenum and zirconium (Table 1). 
Zirconium hexacyanoferrate was not studied as the film was only recently reported. 
1.7.1 Prussian Blue Modified Electrodes 
Although Diesbach discovered Prussian Blue in 170483 the first Prussian Blue modified 
electrode did not appear until 19782• Prussian Blue has been deposited on to a number 
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of electrode substrates including gold84, platinum2, graphite85, glassy carbon86 and 
indium tin oxide (ITO) coated glass87. 
Since the original deposition method described by Neff a number of deposition 
methods are now available including galvanostatic88, potential cyclirig84, fixed potential 
~lectrodeposition87, an iron containing plasma polymer85 and a sacrificial anode 
method89. 
Prussian Blue thin films are typically deposited by electrochemical reduction from a 
solution ofiron(III) hexacyanoferrate(III). The brown colour of the deposition solution 
is due to the formation of Prussian Yellow (FeIIlFeIIl(CN)6). 
Prussian Blue is electrodeposited as the insoluble form9o, the overall equation of which 
IS: 
-
-
(11) 
Equation 11 Electrodeposition of insoluble Prussian Blue. 
Chronoamperometric results over a scale of several seconds supported by scanning 
electron microscopy (SEM) reveal that the potentiostatic electrodeposition of Prussian 
Blue onto ITO and platinum proceeds in three stages87. The first growth phase is 
characterised by the nucleation of Prussian Blue onto the electrode surface. This is seen 
as a decrease in current at low times on the current versus time transients. As the 
Prussian Blue nuclei grow and cover the electrode surface the current increases. During 
the second growth phase the current increases due to the formation and growth of the 
reacting species at the electrode surface. The final growth phase displays a decrease in 
current due to the diffusion of the depleted electroactive species to the Prussian 
Blue/electrolyte interface. 
The insoluble form is transformed into the soluble form by potential cycling in an 
electrolyte containing potassium ions, with an associated loss of Fe3+ ions (Equation 
12). 
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(12) 
insoluble Prussian Blue soluble Prussian Blue 
Equation 12 Conversion of insoluble to soluble Prussian Blue. 
The electrochemistry of a Prussian Blue modified electrode has been well reported88,91, 
92, 93, 94, 95. Oxidation and reduction of Prussian Blue leads to Prussian Yellow and 
Prussian White respectively, with partial oxidation leading to Prussian Green (Figure 10 
and Equation 13). 
....... 
...... 
+1 
o 
-1 
-0.2 
J 
+1.1 
E / V vs. AglAgCl 
Figure 10 Cyclic voltammogram (0.5 M potassium chloride, pH 5.75, v = 0.05 V s -1, A 
= 0.07 cm2) of a Prussian Blue modified glassy carbon electrode (initial potential +0.5 
V versus Ag I AgCI (3 M NaCl». Prussian Blue fonned by electrodeposition from a 
solution of 5 mM iron(III) chloride, 5 mM potassium hexacyanoferrate(III) and 0.2 M 
potassium chloride. Deposition time 5 minutes. 
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KFelIIFeil(CN)6 + K+ + e- == K2F eilF eil( CN)6 (13.1) 
soluble Prussian Blue Prussian White 
[FelIIFeil(CN)6r == [FelII(FelII(CN)6)2!3(Feil(CN)6)1I3]113- + 2/3 e-
soluble Prussian Blue Prussian Green (13.2) 
KFelIIFeil(CN)6 == FeI11Fel11(CN)6 + K+ + e- (13.3) 
soluble Prussian Blue Prussian Yellow 
Equation 13 Reduction and oxidation of soluble Prussian Blue. 
1.7.2 Bioelectroanalytical Applications of Prussian Blue 
Prussian Blue modified electrodes have been used for the analysis of ascorbic acid6, 
glucose96, thiosulfate97, hydrazine98, hydrogen peroxide96, 99, catecholamineslOo, 
cysteinelOt, N-acety1cysteine10t, glutathione10t, perboratel02, cytochrome CI03 and the 
reduction of molecular oxygen to waterl04. 
Li and Dong6 reported the electrocatalytic oxidation of ascorbic acid with a Prussian 
Blue modified (5-20 mC cm-2) glassy carbon electrode. The presence of 10.2 mM 
ascorbic acid in the supporting electrolyte (0.1 M potassium chloride buffered to circa 
pH 4 with potassium hydrogen phthalate) caused a 2.5 times enhancement of the anodic 
peak at +0.2 V versus AgJAgCI. The catalytic current is pH dependent in the pH range 
2.87-5.31, with a maximum at pH 4.60. 
An amperometric glucose biosensor has been described by Karyakin et al. 96. The 
glucose amperometric biosensor was made by immobilisation of glucose oxidase onto 
the Prussian Blue using a Nafion ® layer. The biosensor gave a linear response to 
glucose in the range 1 x 10.6 to 5 X 10-3 M. Due to the low potential of the working 
electrode, potential interferents such as hydrogen peroxide and ascorbate are avoided. 
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The electrocatalytic oxidation ofthiosulfate by Prussian Blue reported by Chen97 occurs 
through the Prussian BluelPrussian Green redox couple. The Prussian Blue response is 
linear over the range 0 to 4.4 x 10.3 M thiosulfate. 
Hou and Wang98 described the flow injection detection ofhydrazine by electrocatalytic 
oxidation at a Prussian Blue modified glassy carbon electrode covered by a Nafion® 
film. The response was linear in the range 3.3 p.g to 0.6 ng (limit of detection). 
A novel Prussian Blue modified glassy carbon electrode reported by Zhou and Wang100 
was used for the liquid chromatography amperometric determination of dopamine, 
norepinephrine and 3,4-dihydroxyphenylacetic acid. The application of fixed potentials 
to the modified electrode gave a linear response of the catecholamines over three orders 
of magnitude with detection limits of 10 pg and 50 pg for norepinephrine and 3,4-
dihydroxyphenylacetic acid respectively. 
Hou and Wang101 reported the electrocatalytic detection of cysteine, N-acetylcysteine 
and glutathione using liquid chromatography and a Prussian Blue modified glassy 
carbon electrode covered with Nafion®. The response was linear from 0.5 to 200 ng for 
cysteine and 10 ng to 1 p.g for glutathione and acety1cysteine. The limits of detection 
were 0.5 ng for cysteine and 10 ng for glutathione and acetylcysteine. 
The catalytic reduction of perborate (Na2[B2(02MOH)4).6H20) at a Prussian Blue 
modified carbon paste electrode was reported by Boyer et al. 102• The response was 
linear over the range 1 to 100 ppm hydrogen peroxide as perborate. Interferents 
therefore include oxygen and hydrogen peroxide. 
The use ofa Prussian Blue/conducting polymer (polypyrrole) modified electrode for the 
electrocatalytic oxidation/reduction of cytochrome C has been reported by Lu et a1. 103• 
The response was linear below 20 p.M with a limit of detection of 0.05 p.M for analysis 
by flow injection analysis. 
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1.7.3 Titanium Hexacyanoferrate Modified Electrodes 
The deposition of titanium hexacyanoferrate onto glassy carbon and ITO coated glass 
electrodes has been reported by Jiang et al. 79 and Dillingham72, respectively. 
Jiang et al.79 deposited the film by potential cycling (+0.6 to -0.4 V versus SCE, v = 0.1 
V S·I) in a solution of2 mM potassium hexacyanoferrate and 2 mM titanium sulphate in 
2 M sulphuric acid. The resulting film thickness was dependent on the scan rate and 
number of potential cycles. 
The titanium hexacyanoferrate(III) film is unique amongst other metal hexacyanoferrate 
films as hydrogen ions are the only cations that penetrate the film to maintain 
electroneutrality. 
There are no reported electroanalytical uses of titanium hexacyanoferrate modified 
electrodes. 
1.7.4 Molybdenum Hexacyanoferrate Modified Electrodes 
The deposition of molybdenum hexacyanoferrate onto platinum electrodes by potential 
cycling was first reported Dong and Jin73• Dillingham72 further reported the deposition 
of molybdenum hexacyanoferrate onto ITO coated glass electrodes similar to that 
described by Dong and Jin73 • 
Dong and Jin73 deposited the film by potential cycling (+0.6 to -0.1 V versus SCE, v = 
0.2 V S·I) in a solution of 20 mM potassium molybdate, 20 mM potassium 
hexacyanoferrate(III) and 4 M hydrochloric acid. The electrochemical behaviour of the 
deposited film is however dependent on the concentration of potassium ions in the 
supporting electrolyte. 
Dillingham72 cycled an ITO electrode (+0.6 V to -0.1 V versus SCE, v = 0.1 V S·I) in a 
solution of 2 mM potassium hexacyanoferrate(ill), 2 mM molybdenum oxide and 4 M 
hydrochloric acid for 30 minutes. 
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There are no reported electroanalytical applications for molybdenum hexacyanoferrate 
modified electrodes. 
1.7.5 Zirconium Hexacyanoferrate Modified Electrodes 
A zirconium hexacyanoferrate(III) modified gold electrode was first reported by Liu et 
al.82• 
The film was deposited by potential cycling (-0.2 V to +0.8 V versus SCE, v = 0.1 V 
S·I) in a solution of 30 mM zirconyl chloride octahydrate, 30 mM potassium 
hexacyanoferrate(III) and 1.5 M potassium chloride. 
There are no reported e\ectroanalytical applications for a zirconium 
hexacyanoferrate(III) modified electrode. 
1.7.6 Prussian Blue Analogue Modified Electrodes 
Other Prussian Blue analogue modified electrodes have been reported, for example 
ruthenium purple93 (iron(III) hexacyanoruthenate(II), osmium purple83 ((iron(III) 
hexacyano-osmate(II), osmium(1V) hexacyanoruthenate(II) 105, iron(III) 
carbonylpentacyanoferrate(II)91 and iron(III) pentacyanonitroferrate(II)91. 
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Chapter 2 Experimental 
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2.1 Chemicals 
The iron(II1) chloride, potassium chloride, potassium nitrate and L-ascorbic acid were 
all obtained from Fisher Scientific (Loughborough, England). The potassium 
hexacyanoferrate(III) was obtained from BDH (poole, England). The above chemicals 
were of analytical grade and used as received. 
The following chemicals were of laboratory grade and were used as received. The 
potassium hydrogen phthalate was from BDH. The ammonium cerium(IV) sulphate, 
di-potassium hydrogen orthophosphate (anhydrous), potassium hexacyanoferrate(II) 
and the potassium dihydrogen orthophosphate were from Fisons (Loughborough, 
England). The hydrochloric acid (S.G. 1.16), nitric acid (S.G. 1.42), acetic acid 
(glacial), sulphuric acid (S.G. 1.84) and ferroin were from Fisher Scientific. The 
ethanol used was 100%. The potassium hexacyanoruthenate(II) hydrate, 
molybdenum(VI) oxide, perchloric acid, potassium molybdate, l-decanethiol, 
octadecanethiol and titanium(IV) oxysulphate-sulphuric acid hydrate complex were 
obtained from Aldrich Chemical Company (Gillingham, England) The sodium acetate 
was from FSA Laboratory Supplies (Loughborough, England). 
The 5,12-naphthacenequinone, 2,3-dibromo-I,4-naphthoquinone, tetrabromo-I,4-
benzoquinone, 1,4-chrysenequinone, 2-tert-butylanthraquinone, benz(a)anthracene-
7,12-dione and phenyl-I,4-benzoquinone were obtained from Aldrich Chemical 
Company and used as received. The cytochrome C (from horse heart) and Trizma® 
hydrochloride (tris[hydroxymethyIJaminomethane hydrochloride, Tris-HCI) were 
obtained from Sigma (poole, England). The hexamine ruthenium(III) chloride was 
obtained from Alfa Aesar (Karlsruhe, Germany). 
All solutions were prepared with water from a Maxima ultra pure water system of not 
less than 18 MO resistance. All L-ascorbic acid solutions were freshly prepared before 
use and used within four hours of preparation. The 0.5 M phosphate buffer was 
prepared immediately prior to de-oxygenating. 
The nitrogen used for de-oxygenation was oxygen free (BOC Edwards). 
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2.2 Materials 
Micropolish alumina suspension 5.0, 1.0 and 0.3 micron (Buehler UK Ltd.) and a 
Selvyt cloth (Buehler UK Ltd.) were used for polishing glassy carbon electrodes. 
The carbon rods used for evaporation were either 6.35 mm by 120 mm or 3 mm by 120 
mm and used as received (BOC Edwards, Crawley, UK). 
A Lyra 1772 6B graphite stick (Niirnberg, Germany) was used to modify the surface of 
the gold plated quartz crystals. The powdered graphite used was 2.5 p,m. 
PD-lO columns (Amersharn Pharmacia Biotech AB, Sweden) were used to desalt the 
cytochrome C. The columns were disposable and prepacked containing SephadexTM G-
25 M for rapid desalting and buffer exchange. 
2.3 Instrumentation 
2.3.1 Cyclic VoItammetry 
The cyclic voltarnmetric measurements were obtained using either a Princeton Applied 
Research model 173 potentiostatlgalvanostat (Surrey, England) or a Sycopel AEW2 
electrochemical workstation (Washington, UK). The Princeton Applied Research 
potentiostat was connected to an ADInstruments Mac\ab/4e instrument (Hastings, UK) 
controlled by an Apple Macintosh LC475 personal computer running EChem version 
1.3.1. (ADInstruments) and Chart version 3.5.2. (ADInstruments). The Princeton 
Applied Research potentiostat was equipped with a model 179 digital coulometer. The 
coulometer was connected to a Goerz Servogor 790 chart recorder (Illinois, USA). The 
Sycopel AEW2 electrochemical workstation was controlled by a personal computer 
running Sycopel scientific electrochemistry software version 2.0 (build 24). 
A three compartment electrochemical cell (Figure 11) was employed for most 
stationary electrode cyclic voltarnmetry work. 
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All electrochemical measurements were carried out In de-oxygenated solutions by 
nitrogen purging for at least ten minutes. 
a Reference electrode compartment 
b Cowlter electrode compartment 
c Working electrode compartment 
d Gas outlet port 
e Gas inlet port 
Figure 11 A three compartment electrochemical cell. 
30 
2.3.2 Rotating Disc Electrode VoItammetry 
The rotating disc electrode (RDE) voltammetric measurements were conducted with a 
conventional RDE apparatus (Oxford Electrodes, Figure 12), controlled by an Oxford 
Electrodes motor controller and a three-compartment cell (Figure 13). The apparatus 
was connected to either the AEW2 electrochemical workstation or the Princeton 
Applied Research potentiostat. 
Figure 12 Oxford Electrodes rotating disc electrode apparatus (left) and motor 
controller (right) 
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a. Counter electrode compartment. 
b. Working electrode compartment. 
c. Reference electrode compartment. 
Figure 13 A three compartment rotating disc electrode electrochemical cell. 
2.3.3 Electrochemical Quartz Crystal Microbalance Instrumentation 
The simultaneous cyclic voltanunetry and mass balance experiments were carried out 
with a Princeton Applied Research model 173 potentiostat/galvanostat and an Elchema 
model EQCN-700 electrochemical quartz crystal nanobalance (Potsdam, New York, 
USA). The potentiostat was controlled by a Princeton Applied Research model 175 
universal programmer. Data were recorded on a Macintosh G4, which was interfaced 
to an ADlnstruments Powerlab 8/SP running under Chart version 4.0 software. Four 
channels of data were simultaneously recorded (current, voltage, mass and 
differentiated mass). 
For mass balance measurements the working electrodes were la MHz go ld plated 
quartz crystal with geometric areas of 0.2 cm2 The counter electrode was a platinum 
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wire electrode of area 0.5 cm2 The reference electrode half cell was a silverlsilver 
chloride 3M sodium chloride reference electrode (Bioanalytical Systems Inc. , West 
Lafayette, Indiana, USA). 
The electrochemical cell (25 cm3) used was supplied by Elchema. The cell was a glass 
beaker (6cm by 4 cm) with an aperture (0.7 cm) for the positioning of the quartz crystal. 
The cell aperture was separated from the quartz crystal by a silicone o-ring. 
2.3.4 UV/vis Spectrophotometric Instrumentation 
For the spectrophotometric measurements a Hewlett Packard 8452A diode array 
spectrophotometer (Waldbronn, Germany) was used. The spectrophotometer was 
controlled by a personal computer running HP 89531A UV/vis operating software. 
Plastic cuvettes were used with a 1 cm path length. The ITO coated glass electrodes 
were held in the cuvette by a machined polytetraethylene lid and were mounted 
transverse to the light path. 
The solution in the cuvette was stirred by using a stirring module (89055A) mounted 
upon a thermostattable cell holder (89054A). The stitTing module was driven by a 
pressurised gas source (nitrogen). The stirring bar used was 8 x 3 mm. 
2.3.5 pH Measurements 
All pH measurements were made using a WPA model CD7400 pH meter (Cambridge, 
UK). The pH meter was periodically calibrated with pH buffers (Russell pH limited, 
Auchtermuchty, Scotland). 
2.3.6 Carbon Coating 
An Auto 306 (BOC Edwards Vacuum Technology, Crawley, England) thin film 
evaporator with turbomolecu lar pumping system was used with the following 
accessories (Figure 14). Glass bell jar with tripod and baffle plate. Single filament 
holder and carbon source. Manual source shutter. Rotatilt 3 with plane workholder. 
Glow discharge bar. Quartz crystal heater. FTM7 film thickness monitor. 
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(a) 
Figure 14 Auto 306 thin film evaporator. (a) Front view. (b) Close up of accessories. 
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The plane workholder was adapted to hold up to three quartz crystals (Figure 15). 
Figure IS Quartz crystal holder for the Auto 306 shown with quartz crystal in place. 
(a) View [Tom carbon source. (b) Side view. 
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2.4 Electrodes 
2.4.1 Working Electrodes 
The working electrodes used were glassy carbon electrodes with a geometric area of 
0.07 cm2 (Bioanalytical Systems Inc., West Lafayette, Indiana, USA), go ld electrode 
with a geometric area of 0.02 cm2 (Bioanalytical Systems Inc., West Lafayette, Indiana, 
USA, ITO coated glass electrodes (Balzers 20 OlD and Image Optics Components Ltd, 
Basildon), platinum wire electrodes with a geometric area of 0.2 cm2 and gold plated 
quartz crystals. 
The 10 MHz gold plated quartz crystals used were obtained from Elchema (Potsdam, 
New York, USA) and Bright Star Crystals (Victoria, Australia) (Figure 16). 
Figure 16 10 MHz quartz crystals. Elchema (left) and Bright Star Crystals (right). 
The ITO coated glass electrodes were connected to the potentiostat by a crocodile clip 
suspended from a glass rod. For the cyclic voltammetric work the ITO coated glass 
electrodes were 25 mm x 5 mm and those used for the spectroscopic measurements 
were 50 mm x 9 mm. Approximately 35 mm of the 50 mm x 9 mm ITO coated glass 
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electrodes and 10 mm of the 25 mm x 5 mm ITO coated glass electrodes were 
immersed in solution 
For the rotating disc experiments a glassy carbon electrode (Oxford Electrodes, UK) 
with a geometric area of 0.38 cm2 was used. 
2.4.2 Counter electrodes 
The counter (secondary) electrode used for most cyclic voltammetry work was a 
. platinum gauze electrode with a geometric area of approximately 0.3 cm2• 
A platinum wire electrode with a geometric area of 0.5 cm2 was used with the quartz 
crystal microbalance instrumentation. 
2.4.3 Reference electrodes 
The reference electrodes used were a Radiometer Saturated Calomel Electrode (SCE) 
(Crawley, UK) and a silver/silver chloride (Ag I AgCl) electrode, filled with 3 M 
sodium chloride (Bioanalytical Systems Inc., West Lafayette, Indiana, USA). 
The Potential of the Ag I AgCI (3 M NaCl) reference electrode is -35 mV relative to the 
Saturated Calomel Electrode106• This is consistent with the experimental results found. 
The potentials of the SCE and the Ag I Agel (3 M NaCl) reference electrode compared 
against the Standard Hydrogen Electrode are therefore 0.244 V and 0.209 V 
respectively. 
The potentials of the Ag I AgCI (3 M NaCl) electrodes were checked weekly against 
each other for drift; no more than a 4 m V drift was tolerated. 
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2.5 Glassware 
All glassware was thoroughly cleaned and rinsed with ultra-pure water before use. The 
electrochemical cells used for the deposition of the Prussian Blue film were cleaned 
every month by boiling in dilute hydrochloric acid. 
2.6 Methods 
2.6.1 Prussian Blue Thin Film Deposition 
For the Prussian Blue modification of a gold electrode a solution of 5 mM iron(ill) 
chloride, 5 mM potassium hexacyanoferrate(Il) and 0.01 M hydrochloric acid was used 
(PH 2). The deposition time used was I minute, unless otherwise specified. The 
Prussian Blue modified electrode was rinsed with distilled water after deposition and 
then used. 
The Prussian Blue thin film was deposited onto glassy carbon and ITO coated glass 
electrodes by applying a potential of +0.5 V (versus SCE) for five minutes to the 
working electrode in a solution of 5 mM iron(IIl) chloride, 5 mM potassium 
hexacyanoferrate(IIl) and 0.2 M potassium chloride (PH 2.66). This produced a 
Prussian Blue film of approximately 13 me cm·2• 
For the deposition of the Prussian Blue thin film a Luggin capillary was used for the 
reference electrode, unless otherwise indicated. The electrolyte in the Luggin capillary 
was 0.2 M potassium chloride. The Prussian Blue modified electrode was rinsed with 
distilled water after deposition and left to dry overnight. 
For spectroscopic measurements the Prussian Blue was deposited onto an ITO electrode 
9 x 50 mm. At least 30 mm of the ITO electrode was covered. 
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2.6.2 Calculation of the Apparent Molecular Weight 
The apparent molecular weight (W App) of a species was calculated from the 
electrochemical quartz crystal microbalance data. The charge and the mass deposited 
onto the quartz crystal are related via Faraday's law. 
Am Q 
--=- (14.1) 
(14.2) 
Equation 14 Calculation of the apparent molecular weight (W App) in g mort, where Llm 
is the mass change (g), Q is the charge (C) and F is Faraday's constant (96485 C mort). 
2.6.3 Determination of the Apparent Molecular Weight for Lead 
A solution of 8 mM lead acetate, 0.1 M sodium acetate and 0.1 M acetic acid was used 
to validate the response of the electrochemical quartz crystal microbalance. The lead 
was deposited onto and removed from a gold plated quartz crystal via potential cycling. 
The mass change and the charge measured during the cyclic voltarnmogram where then 
used to calculate the relative molecular mass of the lead. The deposition of lead is a 
two electron process (Equation 15). 
Pb2+ + 2e - . """"= Pb (15) 
Equation 15 Reduction oflead (Pb). 
Therefore (Equation 14.2); 
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(96485x2)x.1m 
Q 
(14.2) 
If the mass (m) is in nanogrammes (ng) and the charge (Q) in microcoulombs (p,C) then 
the apparent molecular weight for lead (Pb) can be calculated from; 
w 2.(gmor1) 
AppPb 
192.97x.1m(ng) 
Q(pC) 
For the deposition oflead a mass of80 ng and a charge of73.5 p,C were recorded. 
1 192.97x80 
W 2.(gmor) 
AppPb 73.5 
w 2.(g morl )=210.04 
AppPb 
The apparent molecular weight of lead was calculated to be 210. The relative 
molecular mass for lead (Pb) is 208. 
2.6.4 Ruthenium Purple Thin Film Deposition 
A thin film of ruthenium purple was deposited onto a gold plated quartz crystal by 
potential cycling. A deposition solution of 0.5 mM iron(III) chloride, 0.5 mM 
potassium hexacyanoruthenate(II) and 0.01 M hydrochloric acid107• The initial and 
switching potentials were +0.5 V and -0.2 V versus Ag I AgCl (3M NaCl) respectively. 
The electrode was repeatedly cycled until a film of suitable thickness was produced. 
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2.6.5 Calculation of the Degree of Dissociation of Ascorbic Acid 
The Henderson-Hasselbach equation (Equation 16) was used to calculate the degree of 
dissociation of ascorbic acid. 
[Salt] 
pH = pK. + log [Acid] 
Equation 16 Henderson-Hasselbach equation. 
2.6.6 Glassy Carbon Electrode Pre-treatment 
(16) 
Glassy carbon electrodes were prepared by successive polishing with 5.0 micron, 1.0 
micron and 0.3 micron micropolish alumina suspension on a Selvyt cloth. The 
electrode was then rinsed with a 8 M solution of nitric acid. The surface was then 
rinsed with distilled water and any residual water removed with a tissue (without 
touching the glassy carbon). 
2.6.7 British Pharmacopoeia 1988 Ascorbic Acid Tablet Assay 
The ascorbic acid tablets were assayed according to the method of the British 
Pharmacopoeia 108. 
20 tablets were weighed and powdered. The corresponding weight of powder to 0.15 g 
of ascorbic acid was dissolved in 30 ml of water and 20 ml 1 M sulphuric acid. This 
solution was then titrated with 0.1 M ammonium cerium(IV) sulphate using ferroin 
solution as the indicator. 
Each ml of 0.1 M ammonium cerium(IV) sulphate is equivalent to 8.806 mg of ascorbic 
acidlO8. 
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2.6.8 Phosphate Buffer Solution 
The phosphate buffer solution consisted of equimolar concentrations of di-potassimn 
hydrogen orthophosphate (anhydrous) and potassimn dihydrogen orthophosphate and 
had a pH of 7.4. 
2.6.9 Gold Plated Quartz Crystal Pre-treatment for Directed Assembly 
All gold plated quartz crystals were prepared by cycling in 0.1 M nitric acid between 
0.0 and 1.2 V versus Ag I AgCl (3M NaCl) for five minutes. 
2.6.10 Directed Assembly of Monolayer and Multitreatment Films 
The mcino- and multitreatment films were assembled by alternate exposure of the 
electrode surface to 40 mM cation and anion solutions in 0.1 M nitric acid. The 
electrode surface was dipped into each cation and then anion solution for 60 seconds. 
The electrode surface was then rinsed with distilled water after each dipping for 30 
-seconds. A complete treatment cycle consisted of dipping into the appropriate cation 
and anion solutions and rinsing after each stage. 
The potassimn hexacyanoferrate(I1) solution was prepared immediately before each 
assembly procedure. The solution was replaced once the solution turned a pale green 
colour. The hexacyanoferrate(II) solution is an orange yellow colour initially. The 
change in colour is due to the oxidation ofhexacyanoferrate(II) to (Ill). 
2.6.11 Directed Assembly Charge per Treatment Calculations 
The average increase in charge density per treatment was calculated by using the 
following equation; 
42 
(17) 
Equation 17 Calculation of the average increase in charge density, where QAv is the 
average charge density per treatment (C cm-2), Q. the charge density for treatment 
number n (C cm-2), QI the charge density for the first treatment (C cm-2) and n is the 
number of treatments. 
2.6.12 Auger Analysis 
Auger spectra were recorded on a JEOL 7100 Auger electron spectrometer. 
2.6.13 Preparation of Cytochrome C 
The cytochrome C was desalted using a PD-I0 column. The column was equilibrated 
with approximately 25 ml of buffer solution. When the buffer solution had run into the 
column the cytochrome C was added in 2.5 ml of buffer solution. The sample was 
allowed to run into the column and then eluted with 3.5 ml of buffer solution. The 
desaIted cytochrome C was coIIected in a volumetric flask and made up to volume. 
2.6.14 Indium Tin Oxide Coated Glass Electrode Pre-treatment 
The ITO coated glass electrodes were cleaned by ultra-sonication (pulsatron, Kerry, 
Hitchin) in a dilute detergent solution. They were then rinsed with distiIIed water and 
air dried. The electrodes were then rinsed in acetone and left to dry immediately before 
use. 
2.6.15 Carbon Coating 
The quartz crystals were rinsed with 50/50 nitric acid/water then deionised water and 
finaIIy plasma cleaned (argon plasma, 15 minutes) before any carbon was deposited. 
The carbon was thermaIIy evaporated in an upward direction. The carbon was 
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deposited onto the quartz crystal to the required surface coverage and thickness. A 
vacuum of <1.0 mPa was established before evaporation was started. 
2.6.16 Thiol Modification of Gold 
The thiol compound was dissolved in ethanol. A quartz crystal was placed into the thiol 
solution for 24 hours in the dark. Upon removal the quartz crystal was rinsed with 
ethanol and allowed to dry at room temperature. 
2.6.17 Mechanical Abrasion of Carbon onto Gold 
Graphite was mechanically abraded onto a gold plated quartz crystal in a variety of 
ways. This was dependent on the physical form of the graphite. Powdered graphite 
was immobilised by abrading the powder into the gold until sufficient graphite had been , 
immobilised. Solid graphite was drawn across the surface of the gold thereby 
immobilising the graphite into the gold until sufficient graphite had been immobilised 
on the electrode surface. 
2.6.18 Quinone Solid State Voltammetry 
The quinones were dissolved in ethanol and pipetted onto the quartz crystal. The 
ethanol was then allowed to evaporate at between 293-323 K before voltammetric 
analysis. 
2.6.19 Redox Potential Determination 
The redox potential for a redox couple at a given scan rate was determined using the 
following equation; 
(18) 
Equation 18 Determination of the redox potential (If). 
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2.6.20 Transmission Electron Microscopy 
Transmission electron microscopy images were obtained using a JEOL JEMIOOCX 
system. 
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Chapter 3 Preparation and Electrochemical Studies of Metal Hexacyanometallate 
Films 
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3.1 Introduction 
The preparation and electrochemical quartz crystal microbalance studies of Prussian 
Blue and ruthenium purple films (section 3.2) are discussed, including the directed 
assembly of several metal hexacyanometallate films (section 3.4). The electroanalytical 
properties of Prussian Blue modified electrodes to ascorbic acid and cytochrome C are 
also discussed (sections 3.3 and 3.4.5). 
3.2 Electrochemical Quartz Crystal Studies of Prussian Blue and Ruthenium 
Purple Modified Electrodes 
The electrochemical quartz crystal microbalance55, 56, 57, 58, 59, 60 al\ows the gravimetric 
monitoring of electrochemical reactions at the electrode surface including film 
formation or degradation and solid state reactions. 
Voltarnmetric studies of Prussian Blue modified electrodes using an electrochemical 
quartz crystal microbalance have been previously reportedl09, 110, Ill, 112, 113, 114,115,116. 
The electrochemical quartz crystal microbalance is able to fol\ow the mass change as 
potassium ions are inserted and expel\ed from the Prussian Blue lattice on reduction and 
re-oxidation, respectively. The mass change in the Prussian Blue film can be used to 
determine the molecular weight of the ions involved in the electrochemical reaction. 
The apparent molecular weight of potassium, however, has been calculated to be 
approximately 22 g morl 110,111, rather than the 39 g morl expected. Zadronecki et 
al. llo reported that with thin layers of Prussian Blue the apparent molecular weight of 
potassium was closer to 39 g morl and that of NH/ was 18 g mOrl. Zadronecki et 
alY 0 concluded that the apparent molecular weight of the cation depends on the 
Prussian Blue film thickness. However Dostal et al. 11 I used microcrysta11ine solid 
Prussian Blue particles mechanical\y attached to the electrode surface and did not report 
any film thickness effects on the apparent molecular weight of22 g mOrl. 
Deakin and Byrd reported that the channel radius for Prussian Blue (0.16 nm) should 
favour ions with a hydrated radius less than this, such as K+, Rb +, Cs +, ~ + over larger 
solvated ions such as Li+, Na+ and Ba2+ 113 (Table 2). 
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Ion 
Lt 
Na+ 
K+ 
Rb+ 
Cs+ 
BaH 
NH/ 
Crystal radii 
(mn) 
0.074 
0.102 
0.138 
0.152 
0.167 
0.135 
0.148 
Approximate 
hydrated radii 
(mn) 
0.488 
0.462 
0.440 
0.433 
0.433 
0.686 
0.443 
Table 2 Crystal and approximate hydrated ionic radii for selected ions1l7. 
Garcia-Jareno et al. 116 cycled a Nafion® covered Prussian Blue film on gold in a sodium 
chloride electrolyte (PH 2.2). They found that the sodium ions lose their hydration 
sphere at the Prussian Blue filmlsolution interface before insertion into the film. They 
also reported that crystalline Prussian Blue films were unstable in sodium chloride 
without the Nafion® layer. The apparent molecular weight of sodium reported (22.4 g 
mor1) is consistent with that reported by Oh et al. 109 and Aoki et al. ll4, although Aoki 
et al. 114 used a non-aqueous electrolyte. Oh et al. 109 did not report any stability 
problems of the Prussian Blue film in sodium containing electrolyte unlike Garcia-
Jareno et al. 1 16. 
Whilst the electrochemistry of Prussian Blue has been well reported the mass change 
during reduction and oxidation has not been adequately explained. There appear to be 
inconsistencies in the reported literature for the apparent molecular weight of potassium 
in a Prussian Blue film and the stability of a Prussian Blue film cycled in a sodium ion 
containing electrolyte. 
Electrochemical quartz crystal microbalance studies of Prussian Blue analogues have 
also been reported, for example cobalt hexacyanoferrate118, copper hexacyanoferratell9, 
indium hexacyanoferratel2O, nickel hexacyanoferratel2l , silver hexacyanoferrate122, 
vanadium hexacyanoferratel23 and ruthenium purple107• Cataldi et al. 107 reported the 
apparent molecular weight to be 45 ±4 g mor1 on a platinum coated quartz crystal for 
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the reduction of a ruthenium purple film. This is consistent with the inclusion of a 
potassium ion into the ruthenium purple lattice on reduction (with no movement of 
water molecules). 
This study aims to adequately explain the reasons for the mass change associated with 
the insertion and expulsion of potassium ions from the Prussian Blue lattice. Only the 
Prussian Blue to Prussian White redox couple will be followed due to the instability of 
the Prussian Blue film whilst potential cycling around the Prussian Blue to Prussian 
Green redox couple. 
3.2.1 Transmission Electron Micrograph Pictures of an Electrodeposited Prussian 
Blue Film 
Transmission electron micrograph pictures of Prussian Blue were taken in order to 
determine the amorphous nature of the deposited film (Figure 17). The Prussian Blue 
was physically removed from the gold surface before analysis. The pictures are of 
Prussian Blue flakes on a carbon coated copper grid. 
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Figure 17 Transmission electron micrographs of Prussian Blue removed from a gold 
electrode. (a) Magnification x 20,000. (b) Magnification x 100,000. (c) Magnification 
x 250,000. 
The TEM shows that the Prussian Blue deposited is largely amorphous material (Figure 
17). Nano-particles would be observable if they were present. As there are no nano-
particles observed it is assumed the film is a uniform aggregate. 
3.2.2 Scan Rate Dependence of a Prussian Blue Modified Electrode 
The scan rate dependence of a Prussian Blue modified electrode is linear with a gradient 
of 0.54 (Figure 18). The gradient is not 1 and this indicates that the Prussian Blue is 
under diffusional control. This is consistent with the scan rate dependence gradients of 
0.58 cathodic and 0.46 anodic for the Prussian Blue to Prussian White redox couple 
reported by Mortimer and Rosseinsk~4. 
50 
~1 
....... 
~ 
o 
3.6 
3.4 
3.2 
'1 3.0 
-
)2.8 
" 12.6 
.3 2.4 
2.2 
2.0 
1.0 
(a) 
1 +0.5 E / V vs. Ag/AgC 
(b) 
• 
• 
• 
• 
• 
• Oxidation y=O.5836x+ 1.6924 
• Reduction y=O.5396x+1.9181 
1.5 2.0 2.5 3.0 
Log scan rate I mV s'\ 
Figure 18 Prussian Blue modified (7 mC cm-2) gold electrode (electrodeposition 1 
minute). (a) Cyclic voltammograrn (0.5 M potassium chloride, v = 0.1 VS-I, A = 0.2 
cm2). (b) Plot of log peak oxidation and reduction currents versus log scan rate. R2 = 
0.9724 for oxidation and 0.9811 for reduction. 
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3.2.3 Electrochemical Quartz Crystal Microbalance Study of a Prnssian Blue 
Modified Electrode 
As previously mentioned, the mass change on cycling a Prussian Blue film does not 
equate to the equivalent weight of potassium (g mor\ with the exception of the thin 
film reported by Zadronecki et al. HO. The Prussian Blue film is highly hydrated and it 
is therefore assumed that with cation insertion and expulsion there is a simultaneous 
migration of water molecules (Equation 19). 
Insertion 
KFeIIIFell(CN)6.nH20 + x+ + e' + mH20 == XKFeIlFell(CN)6' (n+m)H20 
(19.1) 
Expulsion 
KFeIIIFell(CN)6.nH20 + x+ + e' == XKFeIlFell(CN)6.(n-m)H20 + mH20 
(19.2) 
Equation 19 Cation insertion upon Prussian Blue reduction with a simultaneous 
insertion or expulsion of water molecules (x+ is the cationic species). 
A deposition time of one minute was chosen, as longer times, particularly 5 minutes, 
caused the quartz crystal to unexplainably resonate at a frequency outside the working 
range of the mass analyser. This was thought to be due to the occurrence of excessive 
stresses and strains on the quartz crystal by the Prussian Blue film with the result that 
the mass change could not be monitored. 
A deposition time of one minute caused approximately 8 /lg of Prussian Blue to be 
deposited onto the electrode surface (Figure 19). 
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Figure 19 Mass change during the e1ectrodeposition of Prussian Blue (+0.5 V versus 
Ag I AgC1 (3 M NaCl), A = 0.2 cm2) onto gold. 
The potentiostatic electrodeposition of Prussian Blue onto platinum is consistent with 
the three growth phases reported by Mortimer et al. 87 (Figure 20, also see section 1.7.1). 
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Figure 20 Current versus time (i-t) transient for the electrodeposition of Prussian Blue 
onto a platinum wire electrode (A = 0.2 cm2), +0.5 V versus SCE. 
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Prussian Blue is deposited as the insoluble form. This is transformed into the soluble 
form upon potential cycling in a potassium ion containing electrolyte (Figure 21). 
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Figure 21 Prussian Blue modified (3 mC cm-2) gold electrode (1 minute 
electrodeposition time). (a) Cyclic voltammograms (0.5 M potassium chloride, v = 0.1 
V sot, A = 0.2 cm2) of (i) first potential cycle. (ii) Second potential cycle. (b) 
Simultaneous mass change, rest as (a). 
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The insoluble Prussian Blue is reduced to Prussian White with the uptake of potassium 
cations and the expulsion of iron cations (Equation 20). 
Equation 20 Overall equation for the reduction of insoluble Prussian Blue to Prussian 
White. 
There is therefore a difference in the recorded cyclic voltammograms and simultaneous 
mass changes for the first and second potential cycles (Figure 21). It is shown that the 
film mass does not change appreciably during the reduction process of the first potential 
cycle. The exchange of potassium and iron cations therefore causes no change in the 
mass of the film, even though six potassium cations are inserted into the film with the 
loss of one iron(II) cation. The lack of change in the mass of the film is due to the 
simultaneous movement of water molecules. During the oxidation of the first potential 
cycle there is a loss of potassium ions and a decrease in the mass of the Prussian Blue 
film. Subsequent potential cycles are stable with the insertion and expulsion of 
potassium ions between the soluble form of Prussian Blue and Prussian White. Both 
Oh et al. 109 and Lin and HOl24 report different mass changes for the first and subsequent 
potential cycles of a Prussian Blue film, although both report a decrease in film mass 
after the first potential cycle. 
Gold plated quartz crystals were modified with Prussian Blue and then cycled in 
potassium chloride before cycling in solutions of the group 1 metal chloride salts (0.5 
M), excluding hydrogen and francium (Figure 22). The Prussian Blue films were 
finally cycled in a lead acetate solution to validate the mass response of the 
electrochemical quartz crystal microbalance. Prussian Blue films could be cycled in all 
the group 1 chloride solutions used. It should be noted however that the 0.5 M lithium 
chloride solution caused a dissolution of the Prussian Blue from the electrode after 
several repeated cycles. This was attributed to the pH of the 0.5 M lithium chloride 
solution, pH 8.80 (see section 3.3.5). The voltammograms shown were stable to 
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potential cycling over the course of the experiment (five cycles), with the exception of 
. lithium chloride. 
(a) 
(b) 
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Figure 22 Cyclic voltammograms (v = 0.1 V sot, A = 0.2 cm2) for separate Prussian 
Blue (3 mC cm"2) electrochemically deposited (1 minute) onto gold and then cycled in 
0.5 M potassium chloride. Cycled in (a) 0.5 M potassium chloride. (b) 0.5 M sodium 
chloride. (c) 0.5 M rubidium chloride. (d) 0.5 M caesium chloride. (e) 0.5 M lithium 
chloride (first cycle). 
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The recorded mass changes (Figure 23) show caesium, rubidium and potassium to have 
similar shaped mass changes. The reason for the differences between lithium and 
sodium and the rest is unclear. The first voltarumogram in lithium chloride is shown 
due to the degradation of the Prussian Blue film. It should also be noted that on the 
oxidation of Prussian White to Prussian Blue in lithium chloride the film gains 
considerable mass on expUlsion of lithium ions. On subsequent potential cycles the 
reduction of Prussian Blue causes a decrease in the overall mass of the film. 
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Figure 23 Mass changes associated with the reduction of pre-cycled Prussian Blue 
films (3 me cm'2) in (a) 0.5 M caesium chloride. (b) 0.5 M rubidium chloride. (c) 0.5 
M potassium chloride. (d) 0.5 M sodium chloride. (e) 0.5 M lithium chloride. 
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The apparent molecular weights for lithium, sodium, potassium, rubidium and caesium 
are 36, 21, 23, 49 and 83 ± 1 g morl respectively (Table 3). The expected values for 
lithium, sodium, potassium, rubidium and caesium were 7, 23, 39, 85 and 133 g morl 
respectively (assuming no movement of any other species). 
The apparent molecular weight for potassium was calculated using the method 
previously described (section 2.6.2), for example: 
Fx,jm 
WAPP = (Equation 14) Q 
Where Q = 590 !lC and.dln = 0.14 !lg and F = 96485 C mOrl. 
96485x 0.14 x 10" 
WAPP 590 X 10"' 
Therefore the apparent molecular weight for potassium is: 
WAPP = 23 ± 1 g mott 
0.5 M Metal RMM WApp Solution 
Chloride (gmorl) (gmorl) pH 
Lithium 7 36 8.80 
Sodium 23 21 4.41 
Potassium 39 23 5.75 
Rubidium 85 49 6.71 
Caesium 133 83 4.27 
Table 3 Comparison of the relative molecular masses (RMM) of several group 1 metal 
chlorides (0.5 M) with their apparent molecular weights (W App) and solution pH (as 
prepared). 
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The apparent molecular weights of the cations are different to their relative molecular 
masses, with the exception of sodium. The insertion and expulsion of sodium ions 
therefore causes no change in the number of water molecules associated with the film. 
The insertion of lithium is associated with the uptake of approximately two water 
molecules whereas potassium, rubidium and caesium cause the expulsion of water 
molecules. The insertion of potassium into the Prussian White lattice causes the 
expulsion of one water molecule and rubidium and caesium causing the expulsion of 
two and three water molecules respectively. 
After cycling the Prussian Blue films in 0.5 M solutions of lithium, sodium, rubidium 
and caesium chloride a decrease in peak current was seen in potassium chloride 
solution. This decrease was small for sodium but marked for lithium, rubidium and 
caesium. The interpretation of mass change is therefore difficult if Prussian Blue is 
being lost. 
The mass changes associated with the cycling of the Prussian Blue film are therefore 
dependent on the cation used in the electrolyte solution. 
3.2.4 Effects of Different Anions on the Equivalent Mass of Potassium 
The anion in the electrolyte was varied in order to evaluate the effects this may have on 
the apparent molecular weight of the potassium ion. The anion has no reported role in 
the reduction of Prussian Blue to Prussian White and should not therefore affect the 
recorded mass change. 
Potassium nitrate (0.5 M) and potassium sulphate (0.25 M) were used as the electrolytes 
instead of potassium chloride. The equivalent weight change for the chloride, nitrate 
and sulphate were 23, 23 and 21 ± I g mort respectively. The voltarnmograrns are very 
similar with only a small decrease in peak current seen between them (Figure 24). The 
decrease was attributed to the loss of Prussian Blue from the electrode surface upon 
changing the electrolyte solutions, likewise a small decrease is seen in the simultaneous 
mass change. 
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Figure 24 Cyclic voltammograms (v = 0.1 V sot, A = 0.2 cm2) for the same Prussian 
Blue film (8 mC cm-2) electrochemicaUy deposited (1 minute) onto gold. (a) Cycled in 
(i) 0.5 M potassium chloride. (ii) 0.5 M potassium nitrate. (iii) 0.25 M potassium 
sulphate. (b) Simultaneous mass changes, rest as (a). 
The mean apparent molecular weight and standard deviation for five potential cycles in 
chloride, nitrate and sulphate were 23 ± 1 g mori (standard deviation 0.3 g mor\ 23 ± 
1 g mori (standard deviation 0.5 g mor i ) and 21 ± 1 g mori (standard deviation 0.6 g 
mor\ respectively. There is a smaIJ difference in the apparent molecular weight of 
potassium between single (chloride and nitrate) and double charge (sulphate) anions. 
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The anion in the electrolyte does therefore have a small effect on the recorded mass 
change and therefore the equivalent weight of potassium. 
3.2.5 Deposition of Lead at a Prussian Blue Modified Electrode 
The mass response of the electrochemical quartz crystal microbalance was verified by 
the reduction of lead from an aqueous solution. The apparent molecular mass of lead 
can then be calculated as previously mentioned in section 2.6.4. 
The nucleation and deposition of lead at a Prussian Blue modified electrode is reduced 
when compared to that at a bare electrode surface (Figure 25). 
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Figure 25 Cyclic voltanunograms of 8 mM lead acetate (0.1 M sodium acetate, 0.1 M 
acetic acid, 0.5 M potassium chloride, pH 4.65, v = 0.1 V s"1, A = 0.07 cm2) at (i) bare 
glassy carbon electrode. (ii) Prussian Blue modified electrode. 
The nucleation of lead occurs at the same potential on both bare and Prussian Blue 
coated electrode surfaces, the deposition on the Prussian Blue surface is just 
considerably slower. 
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3.2.6 Scan Rate Dependence of a Ruthenium Purple Modified Electrode 
A ruthenium purple modified electrode demonstrates an almost ideal behaviour for an 
immobilised redox species versus scan rate (Figure 26). On comparison of the 
gradients for scan rate dependence of Prussian Blue and ruthenium purple it can be seen 
that ruthenium purple displays more of an ideal behaviour for an immobilised film. 
This however may be partly due to the ruthenium purple film being a thinner film. 
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Figure 26 Scan rate dependence of a ruthenium purple modified electrode. R2 = 0.9992 
for oxidation and 0.9998 for reduction. 
3.2.7 Electrochemical Quartz Crystal Microbalance Study of a Ruthenium Purple 
Modified Electrode 
Ruthenium purple is analogous to Prussian Blue except for the ruthenium(II) ion 
attached to the cyanide groups. A film of ruthenium purple (iron(III) 
hexacyanoruthenate(II), KFeIIIRuII(CN)6) was formed on the gold surface of the quartz 
crystal by potential cycling (section 2.6.5). The potential of the working electrode was 
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continuously cycled between two potential limits; this is in contrast to the deposition of 
Prussian Blue which was potentiostatic (Equation 11). A ruthenium pwple film can be 
produced by potentiostatic deposition but this requires the chemical oxidation of the 
hexacyanoruthenate(II) anion before subsequent electrochemical reductionI25• The 
resultant film was then repeatedly cycled in 0.5 M potassium chloride. 
Ruthenium pwple is reduced in a similar manner to Prussian Blue (Equation 21). 
(21) 
Equation 21 Reduction of ruthenium pwple in 0.5 M potassium chloride. 
The measured equivalent weight for the potassium ion is 24 ±1 g mort. This means 
that for the insertion of a potassium ion a water molecule is expelled from the 
ruthenium pwple lattice. This result is similar to that found for Prussian Blue (23 ± 1 g 
mort) and dissimilar to that reported by Cataldi et ai. t07 (45 ±4 g mort). 
The ruthenium pwple film is considerably thinner than the Prussian Blue film studied 
earlier. This is partly due to the complex nature of the film deposition procedure 
described by Cataldi et al. t07 • 
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Figure 27 Ruthenium purple ( 0.5 mC cm-2) deposited by potential cycling onto gold. 
(a) Cyclic voltammogram (0.5 M potassium chloride, v = 0.1 V s-l, A = 0.2 cm2). (b) 
Simultaneous mass change. 
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3.3 Determination of Ascorbic Acid using Metal Hexacyanoferrate Modified 
Electrodes 
Ascorbic acid (Vitamin C) is chemically the simplest of the vitamins and is involved in 
many biochemical and biological processes for the cure and prevention of scurvy, as a 
reducing agent and an enzyme cofactor126• The determination of ascorbic· acid is 
important in several areas of analytical chemistry such as food applications, clinical and 
pharmaceutical chemistry. The rapid monitoring of ascorbic acid levels is important in 
several pharmaceutical industrial processes. There are several methods available for the 
determination of ascorbic acid including titration with ferroin!08, high performance 
liquid chromatography with UV_visl27 and various spectrophotometric methods128• 
Most of these methods are fairly time consuming and do not have the advantages of 
sensitivity and selectivity of electrochemical analysis. 
The electrochemical determination of ascorbic acid is hindered by a high oxidation 
overpotential at metallic and carbon electrodes and irreversible fouling effects caused 
by accumulation of the oxidation products on the electrode surfacel29. Chemically. 
modified electrodes are therefore used to electrocatalyse the oxidation of ascorbic acid 
and avoid these problems129• 
A number of chemically modified electrodes for the determination of ascorbic acid have 
been reported including Prussian Blue6, catechol or aminophenol13o, p-
phenylenediamine or tetramethyl-p-phenylenediaminel3l , p-
tetracyanoquinodimethane132, ferrocene132, I, I ' dimethylferrocene132, 
tetrathiafulvalenel32 and polyaniline films133. A Prussian Blue modified electrode has 
been used to catalyse the oxidation of ascorbic acid. Li and Dong6 and Dong and Che134 
. . 
-
reported the kinetics of the reaction between ascorbic acid and a Prussian Blue modified 
electrode in some detail. They did not however report the use of any commercial 
ascorbic acid samples although Dong and Chel34 used a Prussian Blue modified 
microdisk electrode. The modified microdisk electrode eliminated the need for a 
rotating disk electrode. Neither Li and Dong6 or Dong and Che134 reported any 
significant analytical data for the oxidation of ascorbic acid by a Prussian Blue 
modified electrode. The electroanalytical properties of the oxidation of ascorbic acid by 
a Prussian Blue modified electrode need therefore to be investigated. 
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Li and Dong6 reported an increase in the anodic peak size with the Prussian Blue 
modified electrode of 2.5 times when 10 mM ascorbic acid was present and 28 times 
against that of the bare electrode surface. 
In bioanalysis the biomolecule specificity is inversely related to the applied potential. 
making large potentials undesirable as they are less specific. The metal 
hexacyanoferrate modified electrodes that appear the most applicable are iron (prussian 
Blue). titanium and molybdenum. This is due to the potential of the redox couple being 
less than +0.5 V versus SCE thereby minimising any other redox reaction at the 
electrode surface. 
3.3.1 Ascorbic Acid 
Ascorbic acid is a diprotic acid with pI<. values of 4.25 and 11.79126 (Figure 28). 
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Figure 28 Dissociation of ascorbic acid. 
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Ascorbate di-anion 
The degree of dissociation of ascorbic acid is therefore dependent on electrolyte pH 
(Table 4). 
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pH Percentage of 
AH2 AH' A2. 
2.00 99.44 0.56 negligible 
4.00 64.02 35.98 negligible 
4.25 50.00 50.00 negligible 
6.00 1.75 98.25 negligible 
8.00 0.02 99.96 0.02 
10.00 negligible 98.40 1.60 
11.79 negligible 50.00 50.00 
12.00 negligible 38.16 61.84 
14.00 negligible 0.61 99.39 
Table 4 The percentage dissociation of ascorbic acid with varying pH. 
The percentage dissociation of ascorbic acid was calculated by using the Henderson-
Hasselbach equation (Equation 16), for example; 
[Salt] 
PH=pK +log 
• [Acid] 
at pH 4.00 for AH2 === AH', 
[Salt] 
pH = pK. + log [Acid] 
[HA'] pH = pK +log--
• [AHJ 
[HA-] 
4.00 = 4.25 + log [AH
2
] 
(16) 
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[HA-j 
- 0.25 = log [AH
2
] 
0.562 = [HA -j 
[AH2] 
The relative concentrations of HA" and AH2 are therefore 0.562 to 1. The percentages 
of HA" and AH2 are therefore, 
. fHA 0.562 FractIon 0 . = ---
0.562+1 
% HA" =35.98 
Fraction of AH2 = I 
0.562+1 
%AH2 =64.02 
pH 12.00 for AH" === A2", 
[Salt] 
pH = pKa + log [Acid] 
Therefore, 
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[HA-] 
PH=PKa-tog-[ -] A2-
[HA-] 
12.00 = 1 1-79 -IOg-[ -] 
A 2-
[HA-] 0.21 = -Iog--[A2- ] 
The relative concentrations of HA- and A2- are therefore 0.617 to 1. The percentages of 
HA- and AH2 are therefore, 
Fraction of HA-
% HA- =38.16 
0.617 
0.617+1 
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Fraction of A 2· = __ 1 __ 
0.617+1 
Ascorbic acid is irreversibly oxidised to dehydroascorbic acid (Figure 29) via an 
ascorbate radical anion 135. 
. .-
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Ascorbate acid Ascorbate radical anion Dehydroascorbic acid 
Figure 29 Oxidation of ascorbic acid to dehydroascorbic acid 135. 
The dehydroascorbic acid then fouls the electrode surface (Figure 30). Electrode 
fouling is a problem in electroanalysis as adsorbed layers of molecules on the electrode 
surface can interfere with or be the basis of electroanalytical measurements. There is in 
most cases a progressive loss in the sensing capabilities of the electrode with electrode 
fouling; this is the case with ascorbic acid. 
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Figure 30 Cyclic voJtammograms (0.5 M potassium chloride, pH 3.14, v = 0.05 V S·I) 
of 5 mM ascorbic acid at (a) a glassy carbon electrode (A = 0.38 cm2). The first, fifth, 
tenth, fifteenth, twentieth and twenty-fifth cycles are shown, (b) ITO coated glass 
electrode (A = 0.5 cm2). The first, fifth, tenth, fifteenth, twentieth and twenty-fifth 
cycles are shown. 
The oxidation of ascorbic acid has been reported to be pH sensitive136• 137. Kamau et 
al. 138 reported that as the pH decreased from 7.4 to 2 the oxidation peak for ascorbic 
acid shifted more positive. The ascorbate anion is therefore the electroactive species 
(Table 4). 
3.3.2 Electrochemical Oxidation of Ascorbic Acid with a Prussian White/Blue 
Modified Electrode 
The ascorbic acid reduces the Prussian Blue to Prussian White. This will therefore 
increase the rate of reaction and therefore the current for the oxidation of Prussian 
White to Prussian Blue (Figure 31). 
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Figure 31 Oxidation of ascorbic acid at a Prussian Blue modified electrode. 
Li and Dong6 reported the electrocatalytic oxidation of ascorbic acid with a Prussian 
Blue modified electrode. In the present work, no electrocatalysis was observed with a 
Prussian White modified glassy carbon electrode on subtraction of the ascorbic acid 
background signal (Figure 32). Upon subtraction of the ascorbic acid background 
current from the oxidation of ascorbic acid at a Prussian White modified electrode there 
is a small decrease in peak oxidation current when compared to peak oxidation current 
when no ascorbic acid is present. This is attributed to a loss of Prussian Blue from the 
electrode surrlice. The current at +0.6 V is also due almost entirely to the oxidation of 
the ascorbic acid. 
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Figure 32 Cyclic voltarnmograms (0.5 M potassium chloride, v = 0.1 V s"1, A = 0.07 
cm2) on a glassy carbon electrode of (a) Prussian White with 5 mM ascorbic acid (PH 
3.14). (b) Prussian White (PH 5.75). (c) Prussian White with ascorbic acid minus 
ascorbic acid background. (d) 5 mM ascorbic acid. 
The advantage of a Prussian White modified electrode is that the electrode surface is 
not fouled during repeated potential cycling in the ascorbic acid solution. 
A Prussian WhitelPrussian Blue modified electrode is therefore a redox mediator for the 
oxidation of ascorbic acid and not electrocatalytic, contrary to that reported by Li and 
Dong6• 
3.3.3 Amperometric Determination of Ascorbic Acid using Prussian White/Blue 
Modified ITO Electrodes 
A Prussian White modified electrode was cycled in varying concentrations of ascorbic 
acid and the current at +0.6 V versus SCE measured. The potential of +0.6 V versus 
SCE was chosen as there is almost no current from the Prussian Blue (Figure 32). The 
current was then plotted against ascorbic acid concentration (Figure 33). The starting 
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potential for the scan was -0.2 V versus SCE to avoid oxidising the ascorbic acid at the 
electrode surface prior to analysis. 
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Figure 33 Plot of the mean current (+0.6 V versus SCE, v = 0.05 V S-I) versus varying 
ascorbic acid concentration for a Prussian White modified ITO electrode (A = 0.5 cm2). 
The error bars indicate the standard deviation of repeated measurements (n = 5). 
As the concentration of ascorbic acid is increased there is a general increasing trend in 
the coefficient of variation for the mean current. This was attributed to small 
differences in the coverage of the Prussian Blue film with the edges of the ITO 
electrodes being rough. This was due to the cutting process to make the electrodes. 
Also as the concentration of ascorbic acid increases the pH will decrease and affect the 
ascorbic acid/ascorbate anion ratio (1 mM ascorbic acid, calculated pH 3.68 17.29 % 
HA-, 50 mM ascorbic acid, calculated pH 2.78 3.29 % HA). 
Therefore the same Prussian White modified ITO electrode was used to measure the 
current at +0.6 V versus SCE (Figure 34). 
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Figure 34 Plot of the mean current (+0.6 V versus SCE, v = 0.01 V S·I, A 
approximately 0.5 cm2) versus varying ascorbic acid concentration for the same 
Prussian White modified ITO electrode. Error bars indicate the standard deviation of 
repeated measurements (n = 4). 
There is a linear correlation between current and ascorbic acid in the range 5 to 20 mM. 
There is a deviation from linearity between 20 and 50 mM. This is thought to be due to 
the Prussian Blue film being unable to facilitate complete oxidation of the ascorbic acid 
at the Prussian Blue/electrolyte interface with the 50 mM concentration of ascorbic 
acid. This also may be due to the decrease in pH as the ascorbic acid concentration 
increases (calculated pH for 5 mM 3.30,10 mM 3.14,15 mM 3.05, 20 mM 2.99 and 50 
mM 2.78). 
A calibration graph for the oxidation of 5 to 20 mM ascorbic acid at a Prussian White 
modified electrode displays a clear linear correlation between current and ascorbic acid 
concentration (Figure 35). 
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Figure 35 Plot of the mean current at +0.6 V versus SCE (0.5 M potassium chloride, v 
= 0.01 V S·I, A approximately 0.5 cm2) versus varying ascorbic acid concentration (5-20 
mM) for the same Prussian White modified ITO electrode. Error bars indicate the 
standard deviation of repeated measurements (n = 4). R2 = 0.9981. 
A Prussian White modified ITO electrode was then used to measure the current in 
varying ascorbic acid concentrations in the range I to 5 mM (Figure 36). This did not 
display as good a linear correlation between current and ascorbic acid concentration but 
it did still show a clear linear correlation between current and ascorbic acid 
concentration. 
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Figure 36 Plot of the mean current at +0.6 V versus SCE (0.5 M potassium chloride, v 
= 0.01 V S·I, A approximately 0.5 cm2) versus varying ascorbic acid concentration (1-5 
mM) for the same Prussian White modified ITO electrode. Error bars indicate the 
standard deviation of repeated measurements (n = 3). R2 = 0.9954. 
3.3.4 Charge versus Ascorbic Acid Concentration 
The charge was measured during a linear sweep for the Prussian White to Prussian Blue 
transition (-0.2 V to +0.5 V versus SCE) in ascorbic acid for varying deposition times 
of Prussian Blue (Figure 37). 
A deposition time of five minutes appears to be the optimum deposition time for the 
maximum increase in charge (Figure 37). 
77 
45 
40 
35 
~ 30 S 
u 
U 
S 
25 
-
" 
20 
bO 
~ 
os 
..c 15 U 
10 
5 
0 
0 
/. 
.~. / 
.------ ./ 
/1 ~ -.-0.5 M KCI .-. Z. -e- With ascorbic acid 
/ A -A- Increase 
~=:f~ A A- -A 
.' 
5 10 15 20 
Deposition Time I minutes 
Figure 37 Plot of charge measured (-0.2 V to +0.5 V versus SCE, 0.5 M potassium 
chloride, v = 0.01 VS-I, A approximately 0.5 cm2) against deposition time for Prussian 
White modified ITO electrodes in the absence and presence of ascorbic acid (5 mM). 
The charge was also measured during a linear sweep for the Prussian White to Prussian 
Blue transition (5 minute deposition, -0.2 V to +0.5 V versus SCE) in varying ascorbic 
acid concentrations (Figure 38). 
The correlation between the charge and ascorbic acid concentration is positive but not 
linear (Figure 38). 
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Figure 38 Plot of the charge versus varying ascorbic acid concentration for the same 
Prussian White modified electrode (5 minute deposition time). 
3.3.5 Effect of pH on the Oxidation of Ascorbic Acid at a Prussian Blue Modified 
Electrode 
As previously mentioned the oxidation of ascorbic acid is pH dependent with the 
ascorbate anion being the electroactive species 138. 
The pH dependence of the oxidation of ascorbic acid at a Prussian WhitelBlue modified 
electrode was investigated (Figure 39). The pH of 0.5 M potassium chloride was 
adjusted with either hydrochloric acid or sodium hydroxide to achieve the desired pH. 
This procedure was repeated upon dissolution of the ascorbic acid in the potassium 
chloride solution. 
The oxidation of ascorbic acid at the Prussian WhitelBlue electrolyte interface is 
dependent on the pH of the electrolyte. The oxidation of the ascorbic acid increased 
when the pH of the electrolyte was increased from pH I to 6. This is consistent with 
the theory that it is the ascorbic acid anion that is oxidised rather than the neutral form. 
The Prussian Blue is however soluble under alkaline conditions and so no comparison 
can be made at pH > 7. 
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As the first pICa value is 4.25 a pH that exceeds this value by 2-3 pH units will cause the 
ascorbic acid to be present as the anion fonn, AH· (Table 4). Therefore, on reflection, 
all the earlier studies should have been carried out at pH = 6 (buffered solution). 
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Figure 39 Cyclic voltammograms (0.5 M potassium chloride, v = 0.005 V S·I) for a 
Prussian White modified glassy carbon electrode. (a) pH 1. (i) 5 mM ascorbic acid. 
(ii) No ascorbic acid. (b) pH 6. (i) 5 mM ascorbic acid. (ii) No ascorbic acid. (c) pH 
11 (prussian White dissolved off). (i) 5 mM ascorbic acid. (ii) No ascorbic acid. 
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The dependence of the oxidation of ascorbic acid at the bare electrode surface can be 
seen indirectly by comparison of the current at +0.3 V versus SCE. At this potential 
there is no current from the Prussian Blue film and so any current will be entirely due to 
the oxidation of the ascorbate anion. There is almost no current at +0.3 V versus SCE 
at pH 1 and large currents at pH 6 and 11. This is consistent with the. percentage 
dissociation of ascorbic acid at these pH's (Table 4). 
3.3.6 Other Metal Hexacyanoferrate Modified Electrodes 
The modification of glassy carbon with titanium and molybdenum hexacyanoferrate 
was attempted as the potential of the redox couples were less than +0.5 V versus SCE. 
The redox potential of zirconium hexacyanoferrate is also less than +0.5 V versus SCE 
but has only been recently reported by Liu et al. 82. The metal hexacyanoferrate 
modified electrodes with a redox potential of less than +0.5 V versus SCE were chosen 
to reduce the chances of oxidising or reducing any other electrochemically active 
biological compounds during electroanalysis. 
The modification of glassy carbon with titanium hexacyanoferrate was conducted 
according to the method described by Jiang et al. 139 except that titanium(lV) 
oxysulphate-sulphuric acid hydrate complex was used instead of titanium(lV) sulphate. 
The oxysulphate was used due to the sulphate and nitrate being unobtainable and the 
fact that the oxysulphate is formed when the sulphate dissolves in water140• A stable 
titanium hexacyanoferrate film could not be formed on the glassy carbon electrode. 
The reason for the apparent lack of modification is unknown. 
The modification of glassy carbon with molybdenum hexacyanoferrate was also 
attempted according to the methods of Dong and Jin73 and DiIIingham72• A film could 
be formed by both methods on the electrode but in both cases it was not adherent to the 
electrode substrate (glassy carbon and ITO) and fell off upon removal from the 
deposition solution. 
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3.3.7 Amperometric Determination of Ascorbic Acid nsing a Prnssian Blne 
Modified Rotating Disc Electrode 
The potential of a precycled rotating Prussian Blue modified glassy carbon electrode 
was held at +0.3 V versus SCE and aliquots of known concentration of ascorbic acid 
were added to the electrochemical cell. The rotating speed of the electrode was such 
that it provided almost instantaneous mixing of the ascorbic acid solution with the 
electrolyte solution (10 Hz). 
The initial current falls as the potential of the electrode is held at +0.3 V versus SCE. 
The current was allowed to fall to zero before the experiment was started. Then as the 
ascorbic acid is added the current rises in a stepwise trend (Figure 40). 
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Figure 40 Amperometric detennination of ascorbic acid at a rotating Prussian Blue 
modified glassy carbon electrode (0.5 M potassium chloride, +0.3 V versus SCE, A = 
0.38 cm2, 11 mC cm·2, 10 Hz). 
As the ascorbic acid concentration increases the pH decreases (Table 5). 
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Concentration of Calculated pH 
ascorbic acid 
0.00 5.75 
0.25 4.02 
0.50 3.85 
0.75 3.74 
1.00 3.68 
1.25 3.62 
1.50 3.58 
1.75 3.54 
2.00 3.51 
2.25 3.48 
2.50 3.46 
2.75 3.44 
3.00 3.42 
3.25 3.4 
3.50 3.38 
Table 5 Calculated pH versus ascorbic acid concentration. 
The measurement was repeated with the same Prussian Blue film (11 mC cm·2) and the 
limiting current plotted versus ascorbic acid concentration (Figure 41). 
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Figure 41 Plot of current versus ascorbic acid concentration for a rotating Prussian 
Blue modified glassy carbon electrode (0.5 M potassium chloride, +0.3 V versus SCE, 
A = 0.38 cm2, 10 Hz). R2 = 0.9973 for first run. 
There is a positive linear correlation between the current and the ascorbic acid 
concentration. Repeating the measurement causes a deviation from the linear behaviour 
above 2 mM. This is thought to be due to the loss of Prussian Blue from the electrode 
under the conditions used. There was a decrease in the peak oxidation current on 
comparison of the Prussian Blue cyclic voltanunogram before and after arnperometric 
determination for the second run. The charge measured at the start of the experiment 
and after the second run was 11 mC cm-2 and 8 mC cm-2, respectively. The loss of 
charge also indicates a loss of Prussian Blue from the electrode surface. The loss of 
Prussian Blue is assumed to be due to erosion from the electrode surface due to 
hydrodynamic factors. 
On comparison of the amperometric determination of ascorbic acid at a Prussian Blue 
modified electrode and a bare electrode surface (Figure 42) it appears that a Prussian 
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Blue modified electrode is electrocatalytic for the oxidation of ascorbic acid (neglecting 
the fact that the ascorbic acid is steadily fouling the electrode surface). 
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Figure 42 Amperometric determination of ascorbic acid at a rotating glassy carbon 
electrode (0.5 M potassium chloride, +0.3 V versus SCE, A = 0.38 cm2, 10 Hz). 
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At the beginning of the experiment the bare electrode is un-fouled and displays a 
similar current to the Prussian Blue modified electrode. As the experiment progresses 
and the ascorbic acid fouls the electrode surface the current falls considerably. The 
fouling of the electrode surface is also shown by the decrease in step current with each 
successive addition of ascorbic acid (Figure 42). It is assumed that if the ascorbic acid 
did not foul the electrode surface it would follow the line for the Prussian Blue 
modified electrode. A second run at the bare electrode surface would be even worse 
than the first run, unlike that for a Prussian Blue modified electrode (Figure 41). 
3.3.8 Analysis of Proprietary Vitamin C (Ascorbic Acid) Tablets 
Two different brands of proprietary ascorbic acid tablets were analysed to test the 
applicability of the amperometric method to the determination of ascorbic acid. 
The tablets were initially assayed according to the British Pharmacopoeia method 
1998\08. 
The two brands were supposed to contain 500 mg of ascorbic acid per tablet. Upon 
titrimetric analysis according to the British Pharmacopoeia 1998108 they were found to 
contain 534 ± 5.5 mg and 552 ± 1.7 mg of ascorbic acid per tablet. 
Brand 1 (534 ± 5.5 mg) was analysed via the rotating disc method and was found to 
contain on successive additions 486, 470 and 440 mg of ascorbic acid per tablet. 
Brand 2 (552 ± 1.7 mg) was analysed via the rotating disc method and was found to 
contain on successive additions 343, 288 and 238 mg of ascorbic acid per tablet. 
With both brands of ascorbic acid tablets there is a decrease in the amount of ascorbic 
acid determined. This is thought to be due to the interference of the tablet ingredients 
with the oxidation of the ascorbic acid at the Prussian Blue/electrolyte interface, for 
example sorbitol, magnesium stearate and silicon dioxide. 
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3.3.9 Amperometric Determination of Ascorbic Acid using a Prussian Blue 
Modified Rotating Disc Electrode, pH 7.4 
Due to the effects of pH on the oxidation of ascorbic acid and the fact that it is mainly 
the ascorbate anion that is oxidised a solution pH of greater than 4.25 will cause an 
increase in the resulting current being measured. 
The amperometric determination of ascorbic acid with a Prussian Blue modified 
rotating glassy carbon electrode was repeated in a 0.5 M phosphate buffer solution (PH 
7.4). Even though the Prussian Blue was not stable to repeated potential cycling in the 
phosphate buffer solution it was anticipated that the Prussian Blue film would be stable 
under potentiostatic control. 
The resulting limiting current versus time plot (Figure 43) shows the Prussian Blue film 
to be stable at low ascorbic acid concentration. With each successive addition of 
ascorbic acid there appears to be a reduction in the limiting current, implying the 
dissolution of Prussian Blue from the electrode surface. This is seen most significantly 
towards the end of the experiment by the lack of increase in limiting current with 
successive addition of ascorbic acid. 
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Figure 43 Amperometric determination of ascorbic acid at a rotating Prussian Blue 
modified glassy carbon electrode in a 0.5 M phosphate buffer solution, pH 7.4 (+0.3 V 
versus SCE, A = 0.38 cm2, 10 Hz). 
The resulting limiting current was then plotted versus ascorbic acid concentration 
(Figure 44). There is linear relationship between the limiting current and ascorbic acid 
concentration up until 1 mM ascorbic acid. This is smaller then the linear range for the 
amperometric determination in 0.5 M potassium chloride (0-2.5 mM ascorbic acid). 
An electrolyte pH of 7.4 caunot therefore be used for the determination of ascorbic acid 
due to the dissolution of the Prussian Blue from the electrode surface. 
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Figure 44 Plot of limiting current versus ascorbic acid concentration for a rotating 
Prussian Blue modified glassy carbon electrode (0.5 M phosphate buffer, pH 7.4, +0.3 
V versus SCE, A = 0.38 cm2, 10 Hz). 
3.3.10 Amperometric Determination of Ascorbic Acid using a Prussian Blue 
Modified Rotating Disc Electrode, pH 4 
The use of a more acidic pH reduces the percentage of ascorbate anion in the electrolyte 
solution and increases the stability of the Prussian Blue film. The Prussian Blue film 
was stable to potential cycling at pH 4. 
The amperometric determination of ascorbic acid was repeated at pH 4 (Figure 45). 
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Figure 45 Amperometric determination of ascorbic acid at a rotating Prussian Blue 
modified glassy carbon electrode, pH 4 (+0.3 V versus SCE, A = 0.38 cm2, 10 Hz). 
The limiting current was then plotted versus ascorbic acid concentration (Figure 46). 
There is a positive correlation between limiting current and ascorbic acid concentration. 
Whilst the lower pH reduces the dissociation of ascorbic acid it appears to reduce the 
erosion of Prussian Blue from the electrode surface. 
On comparison with the amperometric determination of ascorbic acid at pH 6 and pH 
7.4 the currents recorded at pH 4 and pH 6 are similar. This is assumed to be due to the 
ascorbic acid reducing the pH of the unbuffered pH 6 solution (0.5 M potassium 
chloride), see Table 5. 
The limiting current for 1 mM ascorbic acid at pH 4 is greater than the limiting current 
measured at pH 7.4 (Figure 46 and Figure 44). The reason for this is unclear as the 
percentage of the ascorbate anion would be considerably higher at pH 7.4 than 4. 
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Figure 46 Plot of limiting current versus ascorbic acid concentration at a Prussian Blue 
modified glassy carbon electrode (0.5 M potassimn chloride, 0.05 M potassimn 
hydrogen phthalate, +0.3 V versus SCE, A = 0.38 cm2, 10 Hz, , pH 4.0). 
3.4 Directed Assembly of Prussian Blue and Aualogues 
Ultra-thin layers (nanometre thickness) of Prussian Blue are desirable for high precision 
measurements and technological applications. The expected applications for directed 
assembly electrodes include electrochromic applications, sensors, ion selective 
electrodes, nanotechnology and in catalysis. 
Directed assembly is experimenter driven and leads to extended multilayer films whilst 
self assembly141, 142,143 is spontaneous and leads to single monolayers. 
To develop a method for preparing ultra-thin layers of Prussian Blue work on the 
deposition of polymer heterostructures on surfaces by the alternate adsorption of anions 
and cations was looked at. For example Stepp and Schlenorf44 had prepared 
polyelectrolyte multitreatments of poly(butanyl viologen) dibromide and poly(styrene 
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sulphonate) from alternating positive and negative polyion solutions. Similarly, Wu et 
al. 14S had created compositionally graded heterostructures by alternate deposition of 
RU(bpy)r polyester and poly(acrylate). Mallouk and co-workers had also reported an 
ionic-covalent strategy for self assembly of inorganic multiIayer films such as 
zirconium phosphonatesl46 and perovskitel47. These works and othersl48, 149 provided 
the basis for the attempted layer-by-layer deposition of Prussian Blue. 
This work describes a new method of assembling multilayers on surfaces. In a proof-
of-concept experiment it is shown to be possible to generate multitreatment films of 
Prussian Blue on gold and other substrates by exposing them alternately to positively 
charged iron(III) cations and negatively charged hexacyanoferrate(II1III) anions. It is 
also shown that this process can be controlled with monolayer precision. Because 
directed assembly is not restricted by the chemical identity of the adsorbing species it 
should find wide applicability in electrochemistry and surface science, for example 
electrochromic applications, sensors, ion selective electrodes, nanotechnology and in 
catalysis. This work is consistent with that reported by Pyrasch and TiekelSo and 
Moriguchi et al. lsl . The work of Pyrasch and Tiekelso and Moriguchi et al. lsl was 
published after the directed assembly work was completed. 
Pyrasch and Tiekelso formed the Prussian Blue by alternate adsorption of 
hexacyanoferrate(III) and iron(II) ions and hexacyanoferrate(II) and iron(III) ions. The 
film formation was confirmed by the appearance of the deep blue colour of Prussian 
Blue. The formation of the Prussian Blue on polystyrenesulfonate sodium salt and 
polyallylamine hydrochloride coated quartz plates was better with the 
hexacyanoferrate(II) and iron(III) ion solutions than with the hexacyanoferrate(III) and 
iron(II) ion solutions. Moriguchi et al. lsl formed ultrathin films of Prussian Blue by the 
successive ion adsorption technique using precursors ions of iron(II) and 
hexacyanoferrate(III). 
In the present work, the deposition and growth of Prussian Blue multitreatment films on 
gold surfaces were monitored both electrochemically and gravimetrically. 
Heteromultitreatment film structures were also formed by using hexacyanoruthenate(II) 
anions instead ofhexacyanoferrate(II) anions. 
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3.4.1 Prussian Blue Mono- and Multitreatment Films 
It will be shown that Prussian Blue multitreatment films can be prepared by alternate 
exposure of the electrode surface to iron(III) cations and either hexacyanoferrate(II) or 
(Ill) anions (Figure 47). In the case of hexacyanoferrate(III) the adsorbed layer is 
electrochemically reduced to form the Prussian Blue. 
" +. V=Fe 
40mM Fe+> 
0.1 MHNO, 
• = Fe(CN)," or Fe(CN),"" 
40 mM Fe(CN);- or Fe(CN)t 
0.1 MHNO. 
Figure 47 Cartoon showing the steps involved in the directed assembly of a Prussian 
Blue monolayer film. 
The conditions of 0.1 M nitric acid and 40 mM iron(III) or hexacyanoferrate(IIIII) were 
chose~ as iron(III) is present as a stable hexaaquacomplex (Fe(H20)/,) and 40 mM 
iron(III) solution allows the adsorption of the cations to the electrode surface within a 
relatively short time period. 
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3.4.1.1 Iron(lII) and Hexacyanoferrate(lI) MuItitreatment Film 
A Prussian Blue multitreatment film was assembled by the alternate exposure of the 
electrode surface to iron(lII) cations as hexaaquairon(lII) ions (Fe(H20)63,) and 
hexacyanoferrate(II) anions (section 2.6.10). A film often treatments was assembled. 
The multitreatrnent film was assembled by nucleation from hexaaquairon(III) cations 
adsorbed onto active sites on the gold surface. The gold electrode surface provides a 
negative surface for adsorption of the hexaaquairon(III) cations1S2. The gold electrode 
surface was proven to be negatively charged as no film could be assembled by 
treatment with hexacyanoferrate(II) then iron(III). The negatively charged gold surface 
is due to oxide formation on the gold surface (Equation 22)152.153. The gold surface was 
pre-treated as described (section 2.6.9). 
Au + H20 ="" Au-OHAd' + H+ + e' (22.1) 
Au-OHAd, ="" AU-OAd' + W + e' (22.2) 
Followed eventually by; 
Au-OAd + H20 ="" Au-O,OH + H+ + e' (22.3) 
Equation 22 Formation of hydrated gold oxide. 
Several multi treatment films with varying numbers of treatments were analysed by 
Auger electron spectroscopy (Table 6). 
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Number of Percentage of gold 
treatments on electrode surface 
0 11 
1 9 
2 11 
4 4 
8 0 
16 0 
Table 6 Auger analysis of multi treatment films. 
The gold signal was undetectable after eight treatments, suggesting an even film 
coverage. The nucleation and growth of the Prussian Blue multitreatment film is 
consistent with the work reported by Kulmardt on the electrochemical deposition of 
Prussian Blue onto glassy carbonlS4. 
The Prussian Blue film was assembled as the soluble form, (KFelllFeI1(CN)6) (Equation 
23), rather than the insoluble form (FeI1\4[FeI1(CN)6h). The potassium ions were 
provided by the hexacyanoferrate(II) solution. The soluble form of Prussian Blue was 
thought to be assembled as no major differences were seen in the first two cyclic 
voltammograms for the iron(IIIJII) redox couple or the initial and final mass of the 
assembled film (Figure 48), unlike the case of the electrochemically deposited Prussian 
Blue (Figure 21). 
(23) 
Equation 23 Overall equation for the assembly of soluble Prussian Blue 
(KFel\lFeI1(CN)6)' 
95 
300 (a) 
-"""-; 
o 
.. 1~-~11 
. f----l 
50 
1 
11 
E / V VS. AgI Agel 
Figure 48 Cyclic voltammograms (0.5 M potassium chloride, pH 5.75, v = 0.1 V S-I, A 
= 0.2 cm2) for Prussian Blue formed by layer-by-layer deposition from solutions ofFe3+ 
and Fe(CN)64-. (a) Ten treatments. (i) First cycle. (ii) Second cycle. (b) Simultaneous 
mass changes. (i) First cycle. (ii) Second cycle. 
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The mass of the assembled film decreased by approximately 4 ng between the first and 
subsequent potential cycles. This is the difference between the mass of the film at +0.5 
V versus AglAgCI (3M NaCI) between the first and subsequent potential cycles. 
If the film had been assembled as the insoluble fonn (Fell\[Fell(CN)6h) there would 
have been a difference in the shape of the voltammograms for the first two potential 
cycles and an overall decrease in mass change between the initial and final masses of 
the film, as seen with the electrodeposited Prussian Blue109, 125 (Figure 21). 
There is a positive correlation between the charge density and the number of treatments 
(Figure 49, section 2.6.10). The average increase in charge per treatment is 86 p,C cm·2 
(between the first and tenth treatment, section 2.6.11). Prussian Blue multi treatment 
films can therefore be assembled with a specific charge density. The asymmetric mass 
changes are due to the differences in the relative diffusion speeds of potassium cations 
and water molecules in the Prussian BluelWhite lattice on reduction and oxidation. The 
apparent molecular weight for the uptake of cations is below that found for the thick 
film Prussian Blue (22 g mOrI, section 3.2) and appears to steadily increase with as the 
number of treatments increases (Figure 49). This is thought to be due to the easier 
transport of water molecules in the multitreatment film case. The apparent molecular 
weight could not be calculated for less than five treatments due to limitations in the 
mass measurements. 
The characteristic deep blue colour of Prussian Blue was not seen even with a ten 
treatment film. The characteristic deep blue colour of Prussian Blue was seen by 
Pyrasch and Tiekel50, the reasons for this remain unclear at this time. This may be due 
to a smaller particle size of the Prussian Blue with the method described. 
The evidence that the film is assembled layer-by-Iayer is as follows. The increase in 
charge per treatment is comparable to a layer of Prussian Blue and the charge versus 
number of treatments plot is linear. Ifthe film grew from multiple sites on the electrode 
surface the charge would increase linearly with the square of the number of treatments 
as the surface area of the film grew with successive treatments. 
97 
~ 
--
........ 
--
'l 
0 
30 Hi .=-=.--~ 
;t 
iii 
ii 
i 
-0.2 +0.5 
El V vs. AglAgCl 
• . .,. , 
• 
• 
I 
I 
'.~--~--~.~_--~----7---~" 
Numbe:r of tnatmen~ 
.. 
I 
6L-~--7'--~'--~8~--~'--~"-­
Number of treatments 
(a) 
(b) 
(c) 
(d) 
Figure 49 Prussian Blue formed by layer-by-layer deposition from solutions of Fe3+ 
and Fe(CN)64-. (a) Cyclic voltammograms (0.5 M potassium chloride, pH 5.75, v = 0.1 
V S·l, A = 0.2 cm2, initial potential +0.5 V) for (i) 3 treatments. (ii) 5 treatments. (iii) 
10 treatments. (b) Simultaneous mass change, rest as (a). (c) Plot of the charge under 
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the reduction signal versus number of treatments. (d) Plot of the apparent molecular 
weight for the uptake of cations versus number of treatments. 
A Prussian Blue multitreatment film can still be formed with subsequent suspension of 
the treatment cycle mid-treatment (Figure 50). 
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Figure 50 Cyclic voltanunograms (0.5 M potassium chloride, v = 0.1 V s'l, A = 0.2 
cm2) for Prussian Blue formed by layer-by-Iayer deposition from solutions of Fe3+ and 
Fe(CN)64,. (a) Five complete treatments and five complete treatments treated with Fe3+ 
(overlaid). (b) Six complete treatments and six complete treatments treated with Fe3+ 
(overlaid). (c) Seven complete treatments. (d) Eight complete treatments. 
A multitreatment film can still be formed with subsequent voltanunetric cycling 
between treatments, although no increase in peak oxidation or reduction current is seen 
until a treatment is completed. This is clearly shown by the lack of increase in peak 
oxidation current between six treatments treated with iron(III) cations and seven 
complete treatments. The attached iron(JIl) cations therefore are not electroactive in the 
potential range used until the treatment is completed, you would expect to see the 
iron(JIIIII) redox wave at around +0.5 V versus sodium chloride saturated calomel 
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electrode54• The multitreatment film can therefore be assembled so that the final layer 
is either positively or negatively charged. 
3.4.1.2 Iron(IlI) and Hexacyanoferrate(I1) Multitreatment Film: Solid Solution or 
Two Phase System 
The instability of the peak redox potentials (Figure 49 and Figure 50) illustrates that the 
Prussian Blue multitreatment film does display the behaviour of a thick Prussian Blue 
film. Therefore alongwith the apparent differences in measured molecular weight for 
the intercalation and deintercalation of potassium cations with the thick film, does the 
ultra-thin multi treatment film display the solid solution behaviour of a thick Prussian 
Blue fiIm155? 
An iron(III) and hexacyanoferrate(II) ten treatment film was assembled and repeatedly 
cycled from Prussian Blue to Prussian White. The potential cycle was repeatedly 
interrupted during the recording of the voltammogram and the potential of the film 
recorded versus time. 
Upon continuation of the potential cycling the film was left to complete two full cycles 
before the next measurement was made. The potential at which the cycle was 
interrupted was then plotted against the open circuit potential of the film. The 
equilibrium potential for a two-phase system is constant whilst the equilibrium potential 
for a solid solution varies156• 
A Prussian Blue multitreatment film displays the behaviour of a solid solution (Figure 
51). The potential at which the potential cycle was interrupted is approximately the 
potential of the film at open circuit after 90 seconds. 
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Figure 51 Open circuit potential measurements for a ten treatment Prussian Blue film. 
3.4.1.3 Iron(III) and Hexacyanoferrate(III) Multitreatment Film 
The Prussian Blue is assembled by alternate exposure of the electrode surface to 
iron(III) cations and hexacyanoferrate(III) anions and subsequent electrochemical 
reduction in potassium chloride. Prussian Yellow is assembled directly on the electrode 
surface (Equation 24). 
-
-
(24) 
Equation 24 Overall equation for the assembly of Prussian Yellow (FelIlFelIl(CN)6)' 
The Prussian Yellow is reduced to form Prussian Blue (Equation 25). 
(25) 
Equation 25 Overall equation for the reduction of Prussian Yellow to form soluble 
Prussian Blue. 
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The subsequent assembled film formed can be easily reduced and oxidised (Figure 52). 
There is a positive correlation between the charge density and the number of treatments, 
with an average charge density of 85 p.C cm-2 per treatment (between the first and tenth 
treatment). This average charge density per treatment is similar to the result calculated 
for the iron(III) and hexacyanoferrate(II) multitreatment film (86 p.C cm-2). The 
similarity of the averages for the increase in charge per treatment implies that the 
Prussian Blue films produced by the two methods are very similar. Both films appear 
to have the same underlying structure to which new treatments are adsorbed. 
The asymmetry seen with the simultaneous mass change is due to the reasons described 
previously. The multitreatment film formed from solutions of iron(III) and 
hexacyanoferrate(III) appear to reach maximal mass gain slower than that for the film 
formed from iron(III) and hexacyanoferrate(II) solutions (Figure 49 and Figure 52). 
The mass change for the multitreatment film formed from solutions of iron(III) and 
hexacyanoferrate(III) appears noisier than that for the multitreatment film formed from 
iron(III) and hexacyanoferrate(II) solutions due to the reduction of smoothing of the 
data to maintain the shape of the mass change (oversmoothing changes slightly the 
shape of the mass change). 
The apparent molecular weight for cation uptake decreases as the number of treatments 
increases, unlike in the previous experiment. The apparent molecular weight for the 
first treatment can be interpreted as an uptake of a potassium ion and a water molecule 
(39 + 18 g mort). For treatments two and three this can be interpreted as an uptake ofa 
potassium ion and expulsion of a water molecule. For subsequent treatments there is a 
gradual decrease in apparent molecular weight until treatment ten. This can be 
interpreted as an uptake of a potassium ion and expulsion of two water molecules. 
The ten treatment film also appeared colourless like the previous Prussian Blue 
multitreatment film. 
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Figure 52 Prussian Blue fonned by layer-by layer deposition from solutions ofFe3+ and 
Fe(CN)l·. (a) Cyclic voltammograms (0.5 M potassium chloride, v = 0.1 V s·t, A = 0.2 
cm2) for Prussian Blue after (i) 3 treatments. (ii) 5 treatments. (iii) 10 treatments. (b) 
Simultaneous mass changes, rest as ( a). (c) Plot of the charge under the reduction 
signal versus number of treatments. (d) Plot of the apparent molecular weight for the 
uptake of cations versus number of treatments. 
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There are comparative differences between the directed assembly of Prussian Blue from 
iron(I1l) and hexacyanoferrate(II1I1l). It should be noted that although the two methods 
of assembly gave Prussian Blue multitreatment films the cyclic voltanunograms for the 
ten treatment films are slightly different. This implies that the structures of the 
assembled Prussian Blue are slightly different. The differences in structure is also 
shown by the differences in the apparent molecular weight calculations, with there 
being an upward trend in one case and a downward trend in the other. 
The reasons for the differences in cyclic voItanunograms for Prussian Blue formed from 
solutions of iron(I1l) cations and hexacyanoferrate(Il) or (Ill) (Figure 49 and Figure 52) 
remains unclear. 
3.4.2 Prussian Blue Analogue Multitreatment Films 
The term Prussian Blue analogues has been used to describe any other polynuclear 
transition metal hexacyanometaIIates. 
3.4.2.1 Iron(IIl) and HexacyanocobaItate(III) MuItitreatment Assembly 
It has been shown that iron(III) cations can be easily adsorbed onto a gold electrode 
surface during the first stage of the treatment. The effect of the complex anion on film 
assembly is investigated to determine the ease with which different films can be 
assembled. Cobalt was chosen as it is the next group to iron in the periodic table and 
has a similar relative molecular mass. 
There have been no reported cases of iron(I1l) hexacyanocobaltate(III) modified 
electrodes of any kind. The hexacyanocobaItate anion has been chosen as it is 
electrochemicaIIy inactive in the potential range used and therefore any peaks seen will 
be due to the iron(I1I1I1) redox couple. The electrode potential for the cobaIt(I1I1II) 
redox couple is 1.92 V versus NHE1S7. 
The electrode surface was treated to ten complete treatments of iron(I1l) and 
hexacyanocobaItate(III). It can be seen from Figure 53 that upon changing the 
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hexacyanoferrate(II1III) anion to hexacyanocobaItate(III) there seems to be almost no 
change in peak currents for the redox peak at +0.2 V versus AglAgCl (3M NaCl). 
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Figure 53 Cyclic voltammograms (0.5 M potassium chloride, v = 0.1 V S·1 A = 0.2 cm2) 
of the film formed by layer-by-layer deposition from (a) 1 treatment of Fe3+ and 
CO(CN)63-. (b) 10 treatments of Fe3+ and CO(CN)63-. (c) Plot of the charge under the 
reduction signal versus number of treatments 
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As shown previously (for example Figure 49) the iron(IIIIII) redox signal at +0.2 V 
versus AgJAgCl (3M NaCl) should increase with subsequent treatments. There is very 
little increase in the charge density after the second treatment. It would appear that 
either the hexacyanocobaltate(III) is not adsorbing or the assembly of the iron 
hexacyanocobaltate is not favourable for adsorption of iron(III) cations. 
It was anticipated that a film of iron(III) hexacyanocobaltate(III) could be formed upon 
a layer of Prussian Blue. There is a significant decrease in peak current between the 
Prussian Blue before and after the hexacyanocobaltate(III) treatment (Figure 54). 
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Figure 54 Cyclic voltammograms (0.5 M potassium chloride, v = 0.1 V s-I, A = 0.2 
cm2) of (a) Prussian Blue before formed from one treatment with Fe3+ and Fe(CN)l. 
(b) one treatment of Fe3+ and CO(CN)63-. 
The assembly of hexacyanocobaltate(III) onto iron(III) appears to partially passivate the 
assembled film (Figure 53 and Figure 54). It appears from the measured charge density 
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that the assembled film could consist of a monolayer coverage of iron(III) 
hexacyanocobaltate(III). 
(26) 
Equation 26 Anticipated film assembly for iron(III) and hexacyanocobaltate(III). 
3.4.2.2 Prussian Blue and Cobalt(II) Hexacyanoferrate(III) Multitreatment Film 
The assembly of a coba1t(II) hexacyanoferrate(III) multitreatment film was attempted in 
an effort to assemble other electrochemically active species into the multitreatment 
film. Cobalt(II) hexacyanoferrate(III) was reported by Joseph et al. 69 and othersl58, 159 
to have a redox peak at +0.38 V versus SCE in 0.5 M sodium chloride for the 
cobalt(IIIIII) redox couple. Although Dillingham reported the cobalt(IIIIII) redox 
couple at +0.59 V versus SCE in 0.5 M potassium chloride72• 
As the hexacyanocobaltate(IIl) anion did not produce an assembled multi treatment film 
it was anticipated that a multitreatment film of Prussian Blue/cobalt(II) 
hexacyanoferrate(III)lPrussian Blue could be formed. 
The electrode surface was exposed to 
hexacyanoferrate(III), followed by three 
hexacyanoferrate(III) and finally two 
two treatments of iron(III) and 
treatments with cobalt(II) and 
treatments with iron(III) and 
hexacyanoferrate(III). From the results it is apparent that the adsorption of cobalt(II) on 
to hexacyanoferrate(III) is not observed electrochemically (Figure 55). 
A multitreatment film of cobalt(II) hexacyanoferrate(III) could not be assembled on a 
bare gold electrode surface. 
It appears that under the conditions used in the assembly of the multitreatment films 
that iron(III) is easily adsorbed on to the gold surface but cobalt(II) is not. 
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Figure 55 Cyclic voltammograms (0.5 M potassium chloride, pH 5.75, v = 0.1 V s'\, A 
= 0.2 cm2) of a Prussian Blue/cobalt(II) hexacyanoferrate(IIl)lPrussian Blue 
multitreatment film. (a) Cyclic voltanunograms of (i) one treatment of Prussian Blue. 
(H) two treatments of Prussian Blue. (Hi) as H plus three treatments of cobalt(Il) 
hexacyanoferrate(IIl). (iv) as iii plus one treatment of Prussian Blue. (v) as iv plus two 
treatments of Prussian Blue. (b) Plot of the charge under the reduction signal versus the 
number of treatments. (c) Plot of peak oxidation and reduction potentials versus 
number of treatments. 
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3.4.2.3 Iron(III) Hexacyanoruthenate(II) Multitreatment Film 
The electrochemistry of iron(III) hexacyanoruthenate(II) (ruthenium purple, 
KFelllRuII(CN)6) modified electrodes has been previously reported107, 125, 160, 161. The 
directed assembly of ruthenium purple will ascertain if other complex anions besides 
hexacyanoferrate(IIIIIl) can be adsorbed on to the assembled iron(III} cations. The 
multitreatment was assembled by alternate exposure of the electrode surface to iron(III) 
cations and hexacyanoruthenate(II) anions. 
As with the Prussian Blue the ruthenium purple was assumed to be assembled as the 
potassium containing form (Equation 27). 
(27) 
Equation 27 Overall equation for the assembly of ruthenium purple. 
The reduction of ruthenium purple is described by the following equation125, 161 
(Equation 28). 
(28) 
Equation 28 Reduction of ruthenium purple. 
The redox couple for the hexacyanoruthenate(IIIIII)l62 was not observed in the potential 
range used (Equation 29). 
(29) 
Equation 29 Reduction ofhexacyanoruthenate(III), +0.8 V versus NHE in 0.5 M 
sulphuric acid 
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The hexacyanoruthenate(II1III) redox couple was found to be 0.771 V versus Ag I AgCI 
(3 M NaCI) (Figure 56). 
o 
6 1.0 
E / V vs. Ag/AgCl 
Figure 56 Cyclic voltanunogram (0.5 M potassium chloride, v = 0.1 V s"1, A = 0.07 
cm2) on glassy carbon of 5 mM potassium hexacyanoruthenate(II). 
A ruthenium purple multitreatment film can easily be assembled on a gold electrode 
surface (Figure 57). The average charge density per treatment is 69 p,C cm"2 (between 
the first and tenth treatment). This is less than the amount calculated for the Prussian 
Blue multitreatment films (85 and 86 p,C cm"2). It can also be seen (Figure 57) that as 
the Bp ox and Bp red are not stable, the assembled film has not stabilised. The 
multitreatment film will not fully behave like a thick film of ruthenium purple. 
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Figure 57 Ruthenium purple formed from solutions of Fe3+ and Ru(CN)64,. (a) Cyclic 
voltamrnograms (0.5 M potassium chloride, v = 0.1 V S·l, A = 0.2 cm2) for treatments (i) 
5. (ii) 10. (iii) 15. (iv) 20. (b) Simultaneous mass changes, rest as (a). (c) Plot of the 
charge under the reduction signal versus the number of treatments. (d) Plot of peak 
oxidation and reduction potentials versus the number of treatments. 
III 
A peak is seen with the mass change at approximately +0.2 V versus Ag I Agel (3 M 
NaCI) (Figure 58). This is due to the difference in diffusion speeds of potassium ions 
and water molecules through the ruthenium purple structure. At Bp red there is a large 
influx of potassium ions causing the peak in the mass change followed by a gradual 
migration of water molecules out of the film as the structure changes. The film mass 
change then continues to increase as the film is fully reduced. 
The hexacyanoruthenate(II) anion is therefore a suitable anion for film assembly along 
with the hexacyanoferrate(II) and (Ill) anions. 
The scan rate dependence of ten and twenty treatments of ruthenium purple are very 
similar (Figure 58). The gradients are indicative of immobilised electroactive species. 
The peak oxidation current for the ten treatment multitreatment film is greater than the 
peak oxidation current for the ruthenium purple film formed by potential cycling 
(Figure 27). The directed assembly of ruthenium purple appears to be a more efficient 
process than potential cycling for film assembly. 
The cyclic voltammogram for twenty treatments of iron(III) and hexacyanoruthenate(II) 
and the associated mass change provides a recognisable massogram (Figure 59). The 
massogram is almost identical to the cyclic voltammogram, as expected. 
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Figure 58 Ruthenium purple fonned from solutions of Fe3+ and Ru(CN)64 •• (a) Cyclic 
voltammograms (0.5 M potassium chloride, v = 0.1 V S·l, A = 0.2 cm2) for ten 
treatments at 0.005, om, 0.02, 0.05 and 0.1 V S·l. (b) Plot of log peak oxidation and 
reduction current versus log scan rate for ten treatments. (c) Cyclic voltammograms 
(0.5 M potassium chloride, v = 0.1 V sol, A = 0.2 cm2) for twenty treatments at 0.005, 
0.01,0.02,0.05 and 0.1 V S·l. (d) Plot of log peak oxidation and reduction current 
versus log scan rate for twenty treatments. 
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Figure 59 Ruthenium purple formed from solutions of Fe3+ and Ru(CN)64 •• (a) Cyclic 
voltammogram (0.5 M potassium chloride, v = 0.1 V s'l, A = 0.2 cm2) for twenty 
treatments. (b) Simultaneous mass change. (c) Massogram. 
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3.4.2.4 Ruthenium(lII) Hexacyanoferrate(l!D 
A multitreatment film of ruthenium(III) hexacyanoferrate(I1I) was assembled by 
alternate exposure of the electrode surface to ruthenium(I1I) cations and 
hexacyanoferrate(I1I) anions. 
(30) 
Equation 30 Predicted assembly of ruthenium(I1I) hexacyanoferrate(I1I). 
The multitreatment film formed displays an increase in charge density with successive 
treatments (Figure 60). The redox peaks seen are broad with an increase in capacitative 
current with successive treatments. This increase in capacitative current is also seen 
with both the assembly of Prussian Blue and ruthenium purple films with successive 
treatments. 
The assembled film was expected to reduce to the following; 
(31) 
Equation 31 Reduction of ruthenium(I1I) hexacyanoferrate(I1I) 
However, the following may also occur: 
Equation 32 Reduction of ruthenium(III) hexacyanoferrate(I1I) to potassium free 
ruthenium(II) hexacyanoferrate(I1I). 
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Figure 60 Ruthenium hexacyanoferrate formed from solutions of Ru3+ and Fe(CN)/. 
(a) Cyclic voltammograms (0.5 M potassium' chloride, v = 0.1 V S·l, A = 0.2 cm2) for (i) 
1 treatment. (ii) 2 treatments. (iii) 3 treatments. (b) Plot of charge density versus 
number of treatments. 
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The literature value for the reduction of ruthenium is: 
Ru3++e- - 2+ Ru 0.249 V versus NHE (33) 
Equation 33 Reduction ofruthenium(III). 
The redox couple seen (Figure 60) is at approximately 0.250 V versus Ag I AgCI (3 M 
NaCl) which is approximately 0.458 V versus the normal hydrogen electrode. 
The average charge density per treatment is 19 /lC cm-2 (for two treatments). This 
implies the deposition of sub-monolayer quantities of ruthenium(III) on each treatment 
cycle. 
The redox potential for the ruthenium IIIIII couple for hexamine ruthenium(III) chloride 
was found to be -0.168 V versus Ag I Agel (3 M NaCl) (Figure 61) .. 
-0:5 +0~5 
E / V vs. Ag/AgCI 
Figure 61 Cyclic voltammogram (0.5 M potassium chloride, v = 0.1 V s-l, A = 0.2 cm2) 
on glassy carbon of 5 mM hexaamine ruthenium(III) chloride. 
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Therefore the adsorption of ruthenium(III) onto gold is not as favourable as iron(III). 
3.4.3 Prussian Blue and Ruthenium Purple Multitreatment Films 
As the results above show, multitreatment films of Prussian Blue and ruthenium purple 
could be assembled individually and repeatedly cycled. Due to the successful assembly 
of the individual multitreatment films a bilayer of Prussian Blue and ruthenium purple 
was assembled to evaluate the possibilities of whether such a film could be assembled. 
The assembly of such a film could have possible sensor and electrochromic 
applications. 
The Prussian Blue/ruthenium purple multitreatment film was assembled by adsorbing 
the ruthenium purple onto a pre-assembled Prussian Blue multitreatment film, as 
previously described. 
There is a linear increase in charge density with successive treatments, with an average 
charge density per treatment of 137 /le cm,2 for Prussian Blue (between second and 
tenth treatment), 114 /le cm,2 for ruthenium purple (between tenth and twentieth 
treatment) and 124 /le cm'2 overall (between second and twentieth treatment) (Figure 
62). There is an apparent increase in the average charge density per treatment for both 
the Prussian Blue and ruthenium purple. This is thought to be due to the assembly 
process., In the case of the Prussian Blue/ruthenium purple bilayer film the film was 
cycled voltanunetrically every two treatments, but in the individual multitreatment 
films they were cycled voltanunetrically every treatment. The assembly of the films is 
therefore affected by the nature of the cycledluncycled film. There is an associated 
increase in charge density by not cycling the films every treatment. This implies that 
cycling after every treatment causes a slight change in the surface of the film reducing 
the amount of iron(IIl) cations that can be adsorbed with the next treatment. This may 
be due to the incorporation of potassium ions into the lattice on potential cycling, 
The peak potentials of the bilayer are unstable as in the assembly of the individual 
multitreatment films. 
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(a) 
Figure 62 Cyclic voltammograms for a Prussian Blue/ruthenium purple assembled 
multitreatment. (a) Cyclic voltammograms (0.5 M potassium chloride, v = 0.1 VS-I, A 
= 0.2 cm2) of (i) 5 treatments of Fe3+ and Fe(CN)l-. (ii) ten treatments of Fe3+ and 
Fe(CN)64-. (iii) ten treatments of Fe3+ and Fe(CN)63- plus five treatments of Fe3+ and 
RU(CN)64-. (iv) ten treatments of Fe3+ and Fe(CN)l plus ten treatments of Fe3+ and 
RU(CN)64-. (b) Simultaneous mass changes, rest as (a). (c) Plot of the charge density 
versus number of treatments. (d) Plot of peak oxidation and reduction potentials versus 
number of treatments. 
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3.4.4 Prussian Blue and Ruthenium Purple Multitreatment Film Comparison 
On comparison of the steady state voltammograms ofthe ten treatment film of Prussian 
Blue assembled by the two different methods and ruthenium purple the voJtammogram 
for the Prussian Blue assembled from Fe3+ and Fe(CN)l- differs from the rest (Figure 
63). 
200 a 
< b :::t 
-
c 
"'; 
0 
E I V vs. Ag/AgCl 
Figure 63 Cyclic voltarnmograms (0.5 M potassium chloride, v = 0.1 V S-I, A = 0.2 
cm2) for ten treatments of (a) Prussian Blue film assembled from Fe3+ and Fe(CN)t. 
(b) Ruthenium purple film. (c) Prussian Blue film assembled from Fe3+ and Fe(CN)l. 
The voltammogram for the Fe3+ and Fe(CN)l assembled multitreatment film displays 
broad redox peaks in comparison, the reason for this is unclear. 
3.4.5 Electroanalysis with Directed Assembly Films 
The use of Prussian Blue multitreatment films for the electrocatalysis of ascorbic acid 
and cytochrome C was investigated. 
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3.4.5.1 Electrochemical Oxidation of Ascorbic Acid with a Prussian Blue 
Multitreatment Film 
It has been reported that Prussian Blue electrocatalyses the oxidation of ascorbic acid. 
A Prussian Blue multitreatment electrode was cycled in the presence and absence of 
ascorbic acid (Figure 64). 
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Figure 64 Cyclic voltammograms (0.25 M potassium hydrogen phthalate, v = 0.1 V S·I, 
A = 0.2 cm2) of a ten treatment Prussian Blue film formed from solutions of Fe3+ and 
Fe(CN)/·. (a) Prussian Blue. (b) 1.1 mM ascorbic acid at the bare gold electrode. (c) 
Prussian Blue and 1.1 mM ascorbic acid. 
It can be seen that there is no electrocatalytic oxidation of ascorbic acid with a Prussian 
Blue multitreatment film. The Prussian Blue multitreatment film is merely a redox 
mediator for the oxidation of ascorbic acid; this is in agreement with that found for the 
electrodeposited Prussian Blue. 
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The current at +0.5 V versus Ag I AgCI (3 M NaCI) was plotted against ascorbic acid 
concentration (Figure 65). 
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Figure 65 Plot of the current at +0.5 V versus Ag I AgCI (3 M NaCl) versus ascorbic 
acid concentration for a Prussian Blue multitreatment film (ten treatments) formed from 
solutions ofFe3+ and Fe(CN)/. 
There is a positive correlation between ascorbic acid concentration and the current 
measured at +0.5 V versus Ag I AgCI (3 M NaCI). It should be noted that the current 
when no ascorbic acid is present (16 /lA) is greater than the currents at 1 and 10 p,M (10 
and 11 p,A, respectively). 
The current at +0.5 V versus Ag I AgCI (3 M NaCI) appears linear between 1 and 100 
p,M ascorbic acid (Figure 66). 
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Figure 66 Plot of the current at +0.5 V versus Ag I AgCI (3 M NaCl) versus ascorbic 
acid concentration (1-100 I'M) for a Prussian Blue multitreatment film (ten treatments) 
formed from solutions ofFe3+ and Fe(CN)/. R2 = 0.9997. 
A Prussian Blue multitreatment film could therefore be used as an electrochemical 
sensor for ascorbic acid in the 1-100 I'M range. 
3.4.5.2 Electrochemical Oxidation of Cytochrome C with a Prussian Blue Mono-
and MuItitreatment Film 
It has been reported that Prussian Blue electrocatalyses the oxidation of cytochrome 
C103• The electrocatalytic oxidation of cytochrome C was therefore evaluated with a 
monolayer and multi treatment Prussian Blue film (Figure 67). No difference in cyclic 
voltammograms for a Prussian Blue monolayer was seen with and without cytochrome 
C. There was however a decrease in peak height for the Prussian Blue multitreatment 
film with the cytochrome C. This however may be due to the cytochrome C preventing 
potassium ions from entering the Prussian Blue lattice. It is therefore assumed that 
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Prussian Blue mono- and multitreatment films do not electrocatalyse the oxidation of 
cytochrome C. 
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Figure 67 Cyclic voltammograms (0.1 M potassium chloride, 20 mM Tris-HCI, v = 0.1 
V s·\, A = 0.2 cm2) for Prussian Blue assembled from solutions of Fe3+ and Fe(CN){. 
(a) A single treatment of Fe3+ and Fe(CN)64• with and without 0.1 mM cytochrome C, 
cyclic voltammograms are superimposable. (b) Ten treatments of Fe3+ and Fe(CN)64• 
(i) with 0.1 mM cytochrome C. (ii) without cytochrome C. 
The direct electrochemistry of cytochrome C was attempted but only a very weak signal 
was seen on gold. 
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Due to the lack of evidence for the electrocatalytic oxidation of cytochrome C by 
Prussian Blue the oxidation of cytochrome C by a thick film modified electrode was not 
evaluated. 
3.5 Conclusions 
It is apparent from the above results that the reduction of Prussian Blue and ruthenium 
purple involves the insertion of a cation and an associated insertion/expulsion of a 
varying number of water molecules. 
The Prussian Blue film does not favour ions with a small hydration radius, unlike that 
reported by Deakin and Byrd1l3• It appears that sodium ions lose their hydration sphere 
at the Prussian Blue/solution interface as reported by Garcia-Iareno et aZY6. The 
reported apparent molecular weight of 39 g mori by Zadronecki et aZ. 110 with thin 
Prussian Blue films was not seen even with the multitreatment films. 
A wide range of ascorbic acid concentrations can be analysed using a Prussian White 
modified ITO electrode, 1 to 20 mM. The range of the directed assembly 
multitreatment film is 1 to 100 pM ascorbic acid. 
The oxidation of ascorbic acid is pH dependent with an optimum pH between 6 and 10. 
Prussian Blue is soluble in alkaline electrolyte solutions making the oxidation of 
ascorbic acid at a Prussian Blue modified electrode only possible when the electrolyte 
solution pH is less than 7. There is a compromise between dissociation of ascorbic acid 
and Prussian Blue stability. 
The oxidation of ascorbic acid at a rotating Prussian Blue modified electrode gave a 
linear range of approximately 0 to 7 mM of ascorbic acid. 
Iron and ruthenium cations can be easily adsorbed onto a pretreated gold surface 
creating various multitreatment films. The hexacyanoferrate(I1II1I) and 
hexacyanoruthenate (II) anions are excellent for film assembly, but the 
hexacyanocobaltate(II) anion is not. Subsequently multitreatment films can be 
assembled with specific charge densities. The cation adsorption was limited to 
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members of group eight of the periodic table so it is thought that the remaining 
members of the group could also be adsorbed. Therefore the nature of the cationic and 
anionic species is important to film assembly. 
No electrocatalysis was observed with mono- or multitreatrnent films with either 
ascorbic acid or cytochrome C. The Prussian Blue multitreatment film is a redox 
mediator for the oxidation of ascorbic acid comparable to the thick film Prussian Blue. 
The multitreatrnent film gave a linear range of I to 100 JLM ascorbic acid. 
Further work should include the investigation of adsorbing different cationic species 
onto the gold electrode surface and assemble the corresponding hexacyanoferrate(II1III) 
or hexacyanoruthenate(II) film. Work could also be done on adsorbing different anions 
to the adsorbed cations. 
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Chapter 4 Prussian Blue Films for the Spectrophotometric Determination of 
Ascorbic Acid. 
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4.1 Introduction 
Optical chemical sensorsl63• 164 or optodes are based upon analyte dependent changes of 
absorbance, reflectance or fluorescence of the receptor component, although the term 
optode or optrode was initially reserved for fibre-optic sensorsl6S• 166. 167. 
The use of Prussian Blue thin films on plastic cuvettes as disposable optical chemical 
sensors for ascorbic acid has been reported by Koncki et a1.168• 169 and as an optical 
sensor for the flow injection analysis of ascorbic acid by Lenarczuk et al. 170. The 
optical chemical sensor they produced demonstrated a very good analytical potential for 
the determination of ascorbic acid in multivitamin preparations. Whilst the disposable 
Prussian Blue sensors can be produced cheaply they are labour intensive and time 
consuming to produce. 
Koncki et al. 168. 169 deposited the Prussian Blue onto the walls of disposable plastic 
cuvettes. The cuvettes were filled with a 0.1 M potassium hexacyanoferrate(III) and 1 
M hydrochloric acid solution, saturated with 4-(Pyrrol-l-yl)-benzoic acid. The 
deposition process was carried out over 7 days and stopped by discarding the deposition 
solution and washing the cuvette with 0.1 M hydrochloric acid. The resulting film is a 
composite of Prussian Blue doped with poly{4-(Pyrrol-l-yl)-benzoic acid}. The 4-
(Pyrrol-l-yl)-benzoic acid is present to increase the rate of film deposition, the physical 
homogeneity of the film and the mechanical stability of the film168• The ascorbic acid 
concentration range was calibrated from 0.1 to 10 mM in phosphate buffer (PH 6.9). It 
was reported that anions such as chloride, bromide, sulphate, phosphates and citrates 
did not interfere as long as they did not change the pH of the analysed solution. The 
analysis of pharmaceutical preparations containing vitamin C showed comparable 
results to the iodometric method108• 
The iodometric method is the official method for assaying ascorbic acid 171. This 
method involves the titration of an ascorbic acid solution with 0.05 M iodine solution 
using starch as an indicator. 
Koncki and Wolfbeis168 reported the reuse of a cuvette after the spontaneous 
atmospheric oxidation of Prussian White to Prussian Blue. They did not however report 
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any differences in the absorbance versus time transients for the reuse of the cuvette. 
They did state that the Prussian Blue was deposited as the insoluble form. It would be 
expected that the kinetics of the reduction of the insoluble Prussian Blue to Prussian 
White to be different to the kinetics for the reduction of the soluble Prussian Blue to 
Prussian White. With the reduction of insoluble Prussian Blue there is an associated 
insertion and expulsion of potassium and iron cations, respectively and a simultaneous 
movement of water molecules (section 3.2). But with the reduction of soluble Prussian 
Blue there is only an insertion of potassium ions and expulsion of water molecules 
(section 3.2). 
Lenarczuk et al. l7o reported that the as formed insoluble Prussian Blue and poly {4-
(pyrrol-l-yl)-benzoic acid} composite film displayed poorly reproducible optical results 
when used as a chemosensitive layer in flow injection analysis. The composite film 
was pre-conditioned in a neutral buffer containing a high level of potassium ions, 
converting the insoluble Prussian Blue to the soluble form and displayed reproducible 
optical results. 
For the rapid monitoring of ascorbic acid levels during production and quality control 
stages in pharmaceutical industrial processes new methods will have to be better than 
the reconunended pharmacopoeia methods of ascorbic acid determination (cerometric 
and iodometric titrations)108. 
The development of a reusable Prussian Blue optode for the rapid monitoring of 
ascorbic acid concentration will be more cost effective than a disposable sensor and has 
the advantage that the testing procedure could be easily automated for flow injection 
analysis and on-line analysis. 
The following work aims to investigate the regenerative and recyclable properties of a 
Prussian Blue optode. 
4.2 UV/vis Absorbance Spectrum oCPrussian Blue 
Prussian Blue has an intense but broad absorption band near 700 nm (Figure 68). 
Prussian White absorbs almost no light in the visible region. Therefore the reduction of 
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the Prussian Blue film can be monitored by the decrease in absorbance at the 
wavelength of maximum absorbance (>.max). 
The >.max for the electrodeposited Prussian Blue film was found to be 716 nm (Figure 
68), this is consistent with previously reported values for chemically prepared Prussian 
Blue in the poly(pyrrole) matrixl68, 169. At 716 nm there is almost no interference from 
the Prussian White and ITO. The reduction of Prussian Blue can therefore be easily 
monitored spectrophotometrically. 
1.0 
Prussian B tue 
0.8 
~ 
.. 
-
" 
0 .• u 
= .. 
of 
0 
~ 
'" 
0.4 
<
0.2 Prussian W bite 
ITO electrode 
0.0 
400 500 .00 700 800 
Wavelength I nrn 
Figure 68 UV /vis absorbance spectra of a Prussian Blue modified ITO electrode 
(charge for Prussian Blue to Prussian White reduction 13 ±l mC cm-2), Prussian White 
and a bare ITO electrode. All spectra versus air. 
4.3 Prussian Blue Film Reduction 
The reduction of the Prussian Blue film (charge for Prussian Blue to Prussian White 
reduction 13 ±l mC cm-2) was measured every second in 5 mM ascorbic acid/O.5 M 
potassium chloride (PH 3.14) and plotted versus time (Figure 69). The majority of the 
Prussian Blue film was reduced to Prussian White within two minutes. 
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Figure 69 Absorbance versus time transient for the reduction of a Prussian Blue film 
(charge for Prussian Blue to Prussian White reduction 13 ±l mC cm-2) by 5 mM 
ascorbic acid in 0.5 M potassium chloride, quiescent solution (PH 3.14 of unbuffered 
solution). Absorbance measured every 5 seconds. 
The reduction of the Prussian Blue film was subsequently followed by measuring the 
absorbance at the ~ax of the film (716 urn). The Prussian Blue films were reduced in 
varying concentrations of ascorbic acid and measured spectrophotometrically (Figure 
70). For each measurement a different Prussian Blue modified ITO electrode of 5 
minutes electrodeposition time was used. This produced a Prussian Blue film of 13 ± 1 
mC cm-2 for the Prussian Blue to Prussian White reduction. At ascorbic acid 
concentrations above 10 mM no difference was observed in the recorded decrease in 
absorbance (for this particular Prussian Blue surface concentration). The reduction of 
the Prussian Blue film is therefore limited by the kinetics of the reaction. The rate of 
reduction of Prussian Blue above 10 mM ascorbic acid is independent of the ascorbic 
acid concentration and therefore only dependent on the rate at which the ascorbic acid 
can reduce the Prussian Blue film. 
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Figure 70 Reduction of several Prussian Blue modified ITO electrodes (charge for 
Prussian Blue to Prussian White reduction 13 ± 1 me cm-2) in varying concentrations of 
ascorbic acid (1-4 mM) in 0.5 M potassium chloride, absorbance measured every 
second. Error bars indicate the standard deviation (n = 5) plotted every five seconds. 
Quiescent unbuffered solution (1 mM pH 3.53, 2 mM pH 3.39, 3 mM pH 3.27, 4 mM 
pH 3.19). 
The change in absorbance versus time has been plotted as individual Prussian Blue 
modified ITO electrodes have a slightly different initial absorbance, this makes the 
comparison of recorded absorbance versus time data difficult (Figure 71). 
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Figure 71 Reduction of several Prussian Blue modified ITO electrodes (charge for 
Prussian Blue to Prussian White reduction 13 ±1 me cm-2) in varying concentrations of 
ascorbic acid (1-4 mM) in 0.5 M potassium chloride, absorbance measured every 
second. Recorded absorbance plotted versus time. 
The pH of the individual unbuffered ascorbic acid solutions is consistent with the 
calculated solution pH 172 (Equation 34). 
-k. +~k; +4k,CHA 
2 
(34.1) 
(34.2) 
Equation 34 pH calculation for ascorbic acid solutions, where ka is the dissociation 
constant and CHA is the concentration of ascorbic acid. 
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The calculated pH for the solutions are 3.57 for 1 mM, 3.51 for 2 mM, 3.41 for 3 mM 
and 3.35 for 4 mM. 
The decrease in absorbance at 30 seconds is linear for ascorbic acid concentration in the 
range 1 to 4 mM (Figure 72). The decrease in absorbance at 30 seconds was chosen for 
reason of maximum sensitivity. This is a narrower concentration range than that found 
by Koncki et al. 169. The use ofthicker and thinner films is expected to extend the upper 
and lower ranges of ascorbic acid concentration, respectively. 
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Figure 72 Calibration graph for the change in absorbance with varying ascorbic acid 
concentration (1-4 mM) at 30 seconds. R2 = 0.9984. 
The calibration graphs that Koncki et al.169 describe are s-shaped and range from 0.1-1 
mM and 1-10 mM. The reasons for the s-shape of the calibration plots is unclear. It is 
assumed that at low ascorbic acid concentrations as the Prussian Blue is reduced it 
consumes all the ascorbic acid at the electrode surface. At high ascorbic acid 
concentrations it is assumed that the majority of the Prussian Blue is reduced almost 
instantaneously. Between the high and low ascorbic acid concentrations a Prussian 
Blue displays a linear response to varying ascorbic acid concentration. Due to the 
effects of ascorbic acid above 10 mM it is assumed the non-linear region of the 
134 
calibration graphs are due to reaction kinetic factors. A plot of change in absorbance 
versus ascorbic acid concentration over the 1-10 mM range reveals a linear and non-
linear region (Figure 73). 
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Figure 73 Plot ofthe change in absorbance with varying ascorbic acid concentration (1-
10 mM) at 30 seconds. Error bars indicate the standard deviation of five measurements. 
The non-linearity with 5 and 10 mM ascorbic acid is due to the limits on the kinetics of 
the reaction, as previously mentioned. 
4.3.1 Spectrophotometric Determination of Proprietary Vitamin C Products. 
The same two brands of ascorbic acid tablets used in the previous chapter (section 
3.4.8) were used to analyse the suitability of the spectrophotometric method for the 
analysis of ascorbic acid in vitamin C tablets. A solution of powdered vitamin C tablet 
ofknowu concentration was freshly prepared in 0.5 M potassium chloride. 
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The absorbance was recorded at 716 run every second for two minutes (Figure 74) and 
the absorbance recorded at 30 seconds. The absorbance was then used to determine the 
ascorbic acid concentration of the samples using the calibration graph. 
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Figure 74 Reduction of a Prussian Blue modified ITO electrode (13 ±1 me cm-2) in 
various vitamin e tablet preparations and 0.5 M potassium chloride. 
The reason why the change is absorbance shown in Figure 74 is not as smooth as that in 
Figure 70 is unclear. It was partly attributed to turbulence in the cuvette solution 
possibly due to convection currents, although evidence of this was not seen with any 
other measurement and to the observation of fine particulate material in the vitamin e 
tablet solution. 
The change in absorbance of the vitamin e tablets at 30 seconds was -0.3451 and -
0.3041 for brands I and 2 respectively. The concentration of ascorbic acid in brands I 
and 2 are therefore 3.22 mM and 2.96 mM respectively. This is equivalent to each 
tablet containing 636 mg and 600 mg of ascorbic acid for brands 1 and 2 respectively. 
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The expected concentration of each sample is 2.70 mM and 2.72 mM for brands 1 and 2 
respectively, from titrimetric analysis108 (section 2.6.7). 
No interference was expected from other excipients of the vitamin C tablets, for 
example sorbitol, magnesium stearate and silicon dioxide. It is assumed that the 
vitamin C tablets inadvertently changed the pH of the electrolyte solution. The pH of 
the electrolyte solution is thought to have increased. This would have increased the 
proportion of the ascorbate anion thereby increasing rate of reduction of the Prussian 
Blue film (see section 3.4.5). This is consistent with the results obtained. Therefore the 
analysis of vitamin C products needs to be performed in a buffered solution. 
4.3.2 Ascorbic Acid Solution Agitation 
The electrolyte solution was stirred to evaluate the effects of mass transport on the 
reduction of the Prussian Blue film. Several Prussian Blue electrodes where reduced in 
a stationary and a stirred solution (Figure 75). Koncki et al. 168• 169 and Lenarczuk et 
al.170 did not report any results on the stirring of the ascorbic acid solution, they only 
reported results for unstirred solutions. 
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Figure 75 Reduction of a Prussian Blue modified ITO electrode (13 ±1 me cm-2) in a 
quiescent and a dynamic ascorbic acid solution (5 mM ascorbic acid and 0.5 M 
potassium chloride). 
It is apparent from these results that the reduction of the Prussian Blue film is slower 
with a stationary solution than with a stirred solution. It is therefore assumed that the 
mass transport of the ascorbic acid is rate limiting at this concentration (5 mM), rather 
than the kinetics of the reaction. 
4.3.3 Electrochemical Regeneration of Prussian Blue 
The Prussian Blue films used so far have been as the insoluble form (as 
electrodeposited). The conversion of the insoluble to soluble form is a simple 
electrochemical process and the properties of the soluble form as an optical chemical 
sensor for ascorbic acid will be investigated 
The absorbance spectrum of a Prussian Blue modified ITO electrode was recorded 
before and after potential cycling (+0.5 V to -0.2 V, 0.05 V s'l, 21 cycles) in 0.5 M 
potassium chloride, pH 5.75 (Figure 76). There is a small change in the Amax for the 
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film, this is attributed to the conversion of insoluble Prussian Blue to soluble Prussian 
Blue. The electrode was cycled to produce a stable film for subsequent analysis. 
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Figure 76 UV/vis spectra of an as deposited (uncycJed) and a cycled Prussian Blue film 
(charge for Prussian Blue to Prussian White reduction 13 ±1 mC cm-2) on ITO. 
The }"".X shifted from 716 urn to 692 urn, this is consistent with the work reported by 
Mortimer and RosseinskYo. The shift in absorbance towards the ultraviolet end of the 
spectrnm is associated with a small increase in peak absorbance. This increase is also 
attributed to the conversion of insoluble Prussian Blue to soluble Prussian Blue. 
After cycling the Prussian Blue film in 0.5 M potassium chloride the Prussian Blue film 
was reduced with 5 mM ascorbic acid in 0.5 M potassium chloride (PH 3.14). The 
reduced film was then transferred into 0.5 M potassium chloride and the Prussian Blue 
electrochemically regenerated. This was done by applying a potential of +0.5 V versus 
SCE to the electrode. The UV /vis spectra of the regenerated film was then recorded. 
There is almost no difference in the UV/vis spectra for the cycled film and the 
electrochemically regenerated film (Figure 77). The >.max for both spectra is 692 urn. 
139 
1.0 
0.8 
.; 
.; 
...... 
" 
0.6 u 
" 
" oB 
0 
~ 
:;;: 0.4 
0.2 
0.0 '----''----'_-..L_--'-_--'-_--'-_-'-_~_...l..._ 
400 500 600 700 800 
Wavelength I run 
Figure 77 UV Ivis spectra of a cycled Prussian Blue film before reduction by ascorbic 
acid and after electrochemical regeneration at +0.5 V versus SCE in 0.5 M potassium 
chloride solution. 
A cycled Prussian Blue film can therefore be successfully regenerated after reduction 
by ascorbic acid. This makes the possibility of a reusable electrochemically 
regenerated Prussian Blue optical chemical sensor a feasible opportunity. 
4.3.4 Phosphate Buffer pH 6 
The Prussian Blue film was soluble in a potassium hydrogen phosphate and potassium 
hydroxide buffer solution (PH 6). Therefore the absorbance versus time transient for 
film reduction was not recorded. 
4.3.5 Reduction of a Prussian Blue Modified ITO Electrode pH 4 
A Prussian Blue film was repeatedly cycled in 0.5 M potassium chloride (PH 5.75) and 
then reduced by ascorbic acid in a 0.25 M potassium hydrogen phthalate buffer 
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solution, pH 4 (Figure 78). The Prussian Blue film was electrochemically regenerated 
after each run by applying a potential of +0.5 V versus Ag I AgCl (3 M NaCl) in 0.5 M 
potassium chloride for 10 seconds. 
The absorbance was recorded at 716 nm and not 692 nm because after the successive 
reduction of the Prussian Blue film at various ascorbic acid concentrations the >m.x of 
the Prussian Blue film shifted towards that for the uncycled film (716 nm). The reason 
for this is unclear. 
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Figure 78 Reduction of a Prussian Blue modified ITO electrode (5 minute 
electrodeposition time) in varying concentrations of ascorbic acid (0.1-100 mM), 
quiescent solution, pH 4. 
The reduction of the Prussian Blue in for example, 4 mM ascorbic acid solution in 0.5 
M potassium chloride (PH 3.19) (Figure 70) and pH 4 buffer (Figure 78) shows there to 
be a greater reduction at all measured times of Prussian Blue in the pH 4 buffer 
solution, for a 5 minute electrodeposition time of Prussian Blue. The reduction of the 
Prussian Blue film occurs quicker with the film in the pH 4 buffer solution being 
reduced almost entirely to Prussian White by 20 seconds. The Prussian Blue film in 0.5 
M potassium chloride is almost entirely reduced by 100 seconds. The reduction of 
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soluble Prussian Blue by 4 mM ascorbic acid is therefore faster at pH 4 than an 
insoluble Prussian Blue film in 0.5 M potassium chloride and 4 mM ascorbic acid (PH 
3.19). 
A plot of the change in absorbance versus ascorbic acid concentration is an inverted s-
shaped (Figure 79). The change in absorbance at 10 s was chosen for reason of 
maximum sensitivity. It appears that the Prussian Blue film is fully reduced at 10 s by 4 
and 5 mM ascorbic acid. 
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Figure 79 Plot of change in absorbance versus varying ascorbic acid concentration 
(0.1-5 mM) at 10 seconds for a Prussian Blue film (5 minute electrodeposition time) in 
0.25 M potassium hydrogen phthalate, pH 4. 
The reduction in absorbance ofthe Prussian Blue film is approximately proportional to 
the ascorbic acid concentration in the range 1-3 mM (Figure 80). 
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Figure 80 Calibration graph of change in absorbance versus varying ascorbic acid 
concentration (1-3 mM) for a cycled Prussian Blue film in 0.25 M potassium hydrogen 
phthalate. R2 = 0.9972. 
4.3.6 Solution Agitation at pH 4 
The ascorbic acid solution was agitated in a similar manner as in section 4.3.2. An 
ascorbic acid concentration of2 mM was used (Figure 81), instead of the 5 mM used in 
section 4.3.2. 2 mM ascorbic acid was used as a soluble Prussian Blue film is reduced 
quicker than an insoluble Prussian Blue film. A soluble Prussian Blue film is reduced 
by 5 mM ascorbic acid (PH 4) in approximately 10 s and by 2 mM ascorbic acid in 
approximately 60 s, any changes in the reduction of the Prussian Blue film with 
solution agitation are therefore easier to see with 2 mM ascorbic acid. 
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Figure 81 Reduction of a Prussian Blue modified ITO electrode (13 ±1 me cm-2) in a 
quiescent and a dynamic ascorbic acid solution (2 mM ascorbic acid and 0.25 M 
potassium hydrogen phthalate), pH 4. 
Stirring the buffered ascorbic acid solution therefore dramatically increases the rate of 
reduction of the Prussian Blue. The 2 mM ascorbic acid causes a reduction in 
absorbance of 0.8 a.u. in 93 seconds with the stationary solution and 31 seconds with 
the stirred solution_ 
4.3.7 Variation oCPrussian Blue Film Thickness 
The thickness of the Prussian Blue film was varied by the increase or decrease of the 
electrodeposition process time. The absorbance of several different thickness films 
were recorded at 716 nm (}.",..). This was to certify that the electrodeposition procedure 
produced Prussian Blue films with a linear relationship between film thickness and 
deposition time (Figure 82). 
There is a positive correlation between the measured absorbance and time up until an 
electrodeposition time of 900 seconds. This is due to limitations in the 
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spectrophotometric analysis rather than a, decrease in the deposition of Prussian Blue 
with time. An absorbance of2.5 a.u. equates to a transmittance of 0.3 %, therefore very 
little light is reaching the detector. No absorbance peak was seen with the spectrum for 
the 1800 seconds electrodeposition time. 
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Figure 82 Plot of absorbance at 716 nm (>-m.x) versus electrodeposition time. 
The deposition times that were used in the following studies were in the range 30 to 900 
seconds. The relative thickness of the films (compared to the 5 minute 
electrodeposition time) are 0.25 for 30 seconds, 0.74 for 3 minutes, 1.52 for 10 minutes 
and 2.46 for 15 minutes. This was calculated by comparison of the absorbance of the 
Prussian Blue films at 716 nm. 
All Prussian Blue films of varying e1ectrodeposition time were repeated cycled (25 
times) and then reduced in buffered ascorbic acid solution (PH 4). The Prussian Blue 
film was electrochemically regenerated between each reduction run in 0.5 M potassium 
chloride (PH 5.75) by application ofa +0.5 V versus Ag I AgCl (3 M NaCl) potential for 
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10 seconds. Ascorbic acid concentration ranges were chosen to be appropriate for each 
Prussian Blue film thickness. 
4.3.7.1 30 Seconds Electrodeposition Time 
The Prussian Blue film was reduced in a 0.1 to 3 mM ascorbic acid range (Figure 83). 
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Figure 83 Reduction of a Prussian Blue modified ITO electrode (30 seconds 
electrodeposition time) in varying concentrations of ascorbic acid (0.1-3 mM), 
quiescent solution, pH 4. 
The small increase in absorbance and subsequent decrease at approximately 100 
seconds with the 2 and 3 mM transients is thought to be due to a small movement of the 
ITO electrode in the cuvette. The reason for the movement of the ITO electrode in the 
cuvette after 100 s on both occasions is unknown. 
The reduction in absorbance (measured at 10 s) versus ascorbic acid concentration is 
approximately linear over 0.5-1 mM (Figure 84). 
146 
~ 
0.00 
• 
- -0.01 
"' 0 
-] -0.02 
~ • 
'" 
-0.03 
-r--
'Oi 
-0.04 
" § 
-e 
0 -0.05 
"' .g 
.EI -0.06 
k y=-O.07415+0.00732 -0.07 
0.0 0.2 0.4 0.6 0.8 1.0 
Ascorbic acid concentration I mM 
Figure 84 Calibration graph of change in absorbance versus varying ascorbic acid 
concentration (0.5-1 mM) at 10 seconds for a Prussian Blue film (30 s electrodeposition 
time) in 0.25 M potassium hydrogen phthalate, pH 4. R2 = 0.9931. 
4.3.7.2 3 Minutes Electrodeposition Time 
The Prussian Blue film was reduced in a 0.5 to 5 mM ascorbic acid range (Figure 85). 
The reduction in absorbance versus ascorbic acid concentration is linear over the range 
1 to 5 mM (Figure 86). 
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Figure 85 Reduction of a Prussian Blue film (3 minutes electrodeposition time) in 
varying concentrations of ascorbic acid (0.5-5 mM), pH 4, quiescent solution. 
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Figure 86 Calibration graph of change in absorbance versus varying ascorbic acid 
concentration (1-5 mM) at 10 seconds for a Prussian Blue film (3 minutes 
electrodeposition time) in 0.25 M potassium hydrogen phthalate, pH 4. R2 = 0.9919. 
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4.3.7.3 10 Minutes Electrodeposition Time 
The Prussian Blue film was reduced in a 5-25 mM ascorbic acid range (Figure 87). 
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Figure 87 Reduction of a Prussian Blue film (10 minutes electrodeposition time) in 
varying concentrations of ascorbic acid (5-25 mM), quiescent solution, pH 4. 
The reduction in absorbance versus ascorbic acid concentration is linear over the range 
15-25 mM (Figure 88). 
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Figure 88 Calibration graph of change in absorbance versus varying ascorbic acid 
concentration (5-25 mM) at 5 seconds for a Prussian Blue film (10 minutes 
electrodeposition time) in 0.25 M potassium hydrogen phthalate, pH 4. R2 = 0.9995. 
4.3.7.4 15 Minutes Electrodeposition Time 
The Prussian Blue film was reduced in a 5-25 mM ascorbic acid range (Figure 89). 
The reduction in absorbance versus ascorbic acid concentration is linear over the range 
5-15 mM (Figure 90). 
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Figure 89 Reduction of a Prussian Blue film (15 minutes electrodeposition time) in 
varying concentrations of ascorbic acid (5-25 mM), quiescent solution, pH 4. 
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Figure 90 Calibration graph for the optical response of a Prussian Blue film (15 
minutes electrodeposition time) versus ascorbic acid concentration (5-15 mM), pH 4. 
R2 = 0.9951. 
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4.4 Conclusions 
A Prussian Blue modified ITO electrode can used as an optode for ascorbic acid in the 
range 1-25 mM by variation of the thickness of the Prussian Blue film at pH 4. 
The ascorbic acid concentration that can be measured does not directly depend on the 
thickness of the Prussian Blue film. The 30 seconds electrodeposition time film has a 
linear range of 0.5-1 mM ascorbic acid, the 3 minute film a range of 1-5 mM, the 5 
minute a range of 1-3 mM, the 10 minute a range of 15-25 mM and the 15 minute a 
range of 5-15 mM. There is an approximate trend that as the thickness of the film 
increases so does the ascorbic acid concentration that can be measured. The range of 
ascorbic acid concentration increases as the thickness of the Prussian Blue film 
increases. 
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Chapter 5 Carbon Coated Quartz Crystals 
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5.1 Introduction 
The coating of a gold plated quartz crystal with carbon aims to extend the working 
potential range of the gold and to lower the background current. A carbon coated 
quartz crystal would provide the opportunity to follow mass changes associated with the 
electrochemistry of the carbon surface, and would permit the investigation of 
compounds which are not redox active within the restricted potential range of gold 
electrodes. 
In general, the working potential range is determined by the reactivity of the electrode, 
the electrolyte and the solvent. In aqueous solutions, the working potential range is 
usually limited on the negative side by hydrogen evolution and on the positive side by 
metal corrosion (Equation 35). 
(35.1) 
(35.2) 
Equation 35 Reduction of water and corrosion of gold. 
However, the use of a non-metallic electrode material such as carbon avoids corrosion 
and permits voltammetry to more positive potentials, limited only by the evolution of 
oxygen (Equation 36). 
-
-
02(g) + 4 W(aq) + 4e- (anode) (36) 
Equation 36 Oxygen evolution at a carbon electrode. 
This makes carbon a better choice for an electrode material. 
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5.1.1 Carbon as an Anode Material 
Because carbon pennits access to high positive potentia1s it finds widespread use 
industrially and in the laboratory. Its only minor defect is the slow oxidation of the 
carbon surface resulting in the attachment of oxygen functionalities (Figure 91). These 
are typically phenol-type, quinone-type, carboxyl-type and 1actones. 
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Figure 91 Illustration of the oxygen surface functionalities on carbon. Graphitic double 
bonds omitted for clarity. 
The presence of oxygen functiona1ities is of great technological importance. It renders 
the carbon surface hydrophilic and thus allows carbon to be used as an adsorbent of 
impurities in aqueous solutions. It also greatly increases the capacitance of the 
electrode surface and thus allows carbon to be used in supercapacitors. Finally, the 
oxygen functionalities provide attachment points for a variety of surface derivatisation 
techniques. Little is known about the redox chemistry of oxygen functionalities and 
carbon coated quartz crystals provide a unique opportunity to probe these reactions 
quantitatively. 
Carbon electrodes which are sparsely coated with oxygen functionalities also provide 
an opportunity to hydrophobically immobilise a variety of organic compounds. Chief 
amongst these are quinone compounds which play an important part in the electron 
transfer chains of biological processes. Quinone coated carbon electrodes can therefore 
be considered as simple models of in vivo redox reactions173. 
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It is found empirically that multi-ring quinones adsorb better on carbon than single ring 
quinones. A good example of this is 9,10 phenanthrenequinone which has been 
reported by Brown et al.174 to adsorb irreversibly onto graphite (Figure 92). 
o 
9,10 phenanthrenequinone 
Figure 92 Structure of 9, I 0 phenanthrenequinone. 
5.2 Working Potential Ranges of Gold and Carbon 
The working potential range for the glassy carbon electrode in I M sulphuric acid lies 
between +104 V and -0.8 V versus Ag I AgCI (3 M NaCI). By contrast, the gold surface 
starts to oxidise at +0.2 V versus Ag I Agel (3 M NaCI). 
The potential cycling of a gold electrode between +104 V and -0.8 V results in the 
formation and reduction of gold oxide on the electrode surface. This is consistent with 
studies reported by luodkazis et al.175, 176 on gold oxide surface layers. 
5.3 Carbon Coating 
In principle, a variety of different carbons could be used to coat gold electrodes. 
However, due to the requirements of good conductivity, good adhesion, and good 
coverage only thermally evaporated carbon and mechanically transferred carbon were 
examined in the present work. These were both graphitic. 
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5.3.1 Thermal Evaporation of Carbon 
The technique of thermally evaporating carbon has been perfected commercially for use 
in scanning electron microscopy. A thermal evaporation unit (Edwards Auto 306) was 
therefore purchased for use in the present work. 
Prior to evaporation, gold surfaces were rinsed in 50150 nitric acid/water mixture, rinsed 
in deionised water, dried in vacuo, and then cleaned in an argon plasma for 15 minutes. 
Next, carbon was thermally evaporated onto the gold surface until a visibly black 
coating had developed. Finally, the as-produced electrodes were inserted immediately 
into the electrochemical cell to avoid the possibility of slow aerial oxidation. 
The evaporated carbon electrodes displayed graphite-type voltarnmetric behaviour and 
continued to resonate at approximately 10 MHz in the quartz crystal microbalance, 
provided the coating was not too thick. However, their lifetime was short due to poor 
adhesion between the gold and the carbon, which made research with these materials 
costly. We therefore sought a cheaper alternative. 
5.3.2 Mechanical Transfer of Carbon 
Gold quartz crystals were also coated by mechanical transfer of graphite. This latter 
was achieved by abrading a graphite rod across the surfaces of the crystals until visible 
black deposits had built up. The electrochemical performance of the resulting 
electrodes was comparable with that of graphite, as reported by Kinoshita 177 and 
Dryhurst and McAlIister178• 
In addition to displaying graphite-type voltarnmetric behaviour, the carbon coated gold 
quartz crystals continued to resonate at approximately 10 MHz in the quartz crystal 
microbalance, and also exhibited good adhesion and long life. This therefore allowed 
the mass changes on the electrode surface to be followed at the same time as the 
electrochemical data were recorded. Equally importantly, costs were minimised. 
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5.3.3 Thiol Modification of Exposed Gold 
To ensure that the underlying gold electrochemistry was totally suppressed, an attempt 
was made to block any microscopic pinholes in the carbon layer with alkane thiol 
compounds. It is known that alkane thiol compounds can be irreversibly adsorbed onto 
gold surfaces 179 where they form self assembled monolayers. Passivating monolayers 
can be formed in a few minutesl80• 
The thiol compounds used in the present work were decanethiol and octadecanethiol. 
No visible improvements in voltammetric response were observed, presumably because 
of the high level of the coverage ofthe gold by the carbon. This approach was therefore 
abandoned. 
5.4 Quinone Modification of Exposed Carbon 
As mentioned earlier, it is possible to adsorb quinones irreversibly on carbon. After 
adsorption they can then be reduced to hydroquinones in a reversible 2W/2e' reaction. 
A good example ofthis is provided by 1,4 chrysenequinone (Figure 93). 
o OH 
Figure 93 Reduction and oxidation of 1,4 chrysenequinone. 
The quinones used (Figure 94) were chosen because as they exhibited comparatively 
simple electrochemistry with few side reactions. In general, this correlates with some 
degree of blockage of the carbon atoms adjacent to the quinone functionality. A full list 
of the structural formulae of the selected quinones is given in Figure 94. 
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1, 4-chrysenequinone 
o 
benz(a)anthracene-7, 12-dione 
o 
Br Br 
Br Br 
o 
tetrabromo-1, 4-benzoquinone 
o 
5, 12-naphthacenequinone 
2-tert-butylanthraquinone 
o 
Br 
Br 
2, 3-dibromo-1, 4-naphthoquinone 
phenyl-1, 4-benzoquinone 
Figure 94 Structural formulae of the quinones used. 
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5.4.1 Quinone Voltammetry on Glassy Carbon 
Prior to beginning measurements on carbon coated quartz crystals, preliminary work 
was undertaken on the voltammetry of quinonelhydroquinone redox equilibria on glassy 
carbon. This permitted the identification of the equilibrium potentials of the different 
quinone systems without risking damage to the quartz crystal surfaces. As it happened, 
all the equilibrium potentials fell within the working potential range of the quartz 
crystals (Table 7). 
Quinone 
1 A chrysenequinone 
5, 12-naphthacenequinone 
benz( a )anthracene-7, 12-dione 
2-tert-butylanthraquinone 
2,3 -dibromo-l A-naphthoquinone 
tetrabromo-l A-benzoquinone 
phenyl-l,4-benzoquinone 
Equilibrium Potential / mV 
versus Ag I AgCI (3 M NaCl) 
-43 
-66 and -485 
-311 
-0.381 
-16 and -353 
196 
poorly resolved 
Table 7 Equilibrium potentials of quinones on glassy carbon at pH 4.6. 
A collection of cyclic voltammograms of the various quinones is shown in Figure 95. It 
is innnediately apparent that the simplest and best voltammetry is found in the cases of 
1,4 chrysenequinone and tetrabromo-l A-benzoquinone. Given its ready availability we 
therefore decided to focus on 1,4 chrysenequinone for future work. 
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-0:8 . , , ' , 
E I V vs. Ag/AgCI +0:5 
Figure 95 Cyclic voltammograms on glassy carbon (0.1 M sodium acetate, 0.1 M 
acetic acid, v = 0.1 V s·1, A = 0.07 cm2). (a) 1,4 chrysenequinone. (b) 5,12-
naphthacenequinone. (c) tetrabromo-l ,4-benzoquinone. (d) benz( a)anthracene-7, 12-
dione. (e) 2-tert-butylanthraquinone. (f) 2,3-dibromo-l,4-naphthoquinone. 
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5.4.2 Quinone Voltammetry on Carbon Coated Quartz Crystals 
Using carbon coated quartz crystals we were able to achieve sub-monolayer resolution 
of the redox electrochemistry of 1,4 chrysenequinone (Figure 96). Frustratingly, 
however, the two protons that attach to the monolayer during reduction had insufficient 
mass to be distinguishable from noise on the quartz crystal microbalance. Attempts to 
increase the surface loading of 1,4 chrysenequinone beyond the first monolayer only 
resulted in a loss of voltarnmetric resolution and the appearance of additional, 
unexplained, peaks. Most likely, these new peaks were associated with the solid state 
reduction of bulk crystals of 1,4 chrysenequinone that had crystallised on top of the 
monolayer. 
< 
::t 
......... 
~ 
20 
0 
a 
+0.5 
E / V vs. Ag/ Age! 
. Figure 96 Cyclic voltarnmograms of 1,4 chrysenequinone on a carbon coated quartz 
crystal (v = 0.1 V S-I, A = 0.2 cm2). The 1,4 chrysenequinone was adsorbed from (a) 1 
drop of saturated ethanolic solution, and (b) 10 drops of saturated ethanolic solution. 
The supporting electrolyte was a mixture of 0.1 M sodium acetate, 0.1 M acetic acid. 
Note loss of resolution. 
In general, the voltammetric resolution of sub-monolayer amounts of hydrophobic 
quinones was better on carbon coated quartz crystals than on glassy carbon (Figure 97). 
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Indeed, the results are remarkable. However, the reason for this improved resolution is 
not known. The equilibrium potentials are similar in both cases (Table 8). 
(a) 
(b) 
] (0) 7' 
] (d) 7' 
;L 
J 
(0) 
7] (f) 
;L 
:t 
(g) 
-0.63 
E I V vs. AglAgCI 
Figure 97 Cyclic voltammograms on carbon coated quartz crystals (0.1 M sodium 
acetate, 0.1 M acetic acid, v = 0.1 V 5'1, A = 0.2 cm2). (a) 1,4 chrysenequinone. (b) 
5, 1 2-naphthacenequinone. (c) tetrabromo-l,4-benzoquinone. (d) benz(a)anthracene-
7,12-dione. (e) 2-tert-butylanthraquinone. (f) 2,3~dibromo-l,4-naphthoquinone, (g) 
phenyl-l,4-benzoquinone. 
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Quinone 
1 A chrysenequinone 
5,12-naphthacenequinone 
benz( a)anthracene-7, 12-dione 
2-tert-butylanthraquinone 
2,3-dibromo-l A-naphthoquinone 
tetrabromo-l A-benzoquinone 
phenyl-l A-benzoquinone 
Equilibrium Potential! m V 
versus Ag I AgCl (3 M NaCl) 
-20 
-494 
-316 and -512 
201 
-60 
196 
96 
Table 8 Equilibrium potentials of quinones on carbon coated quartz crystal at pH 4.6. 
If thick multilayers of quinones are deposited on the carbon surface the mass change 
that accompanies the redox reaction can be extracted from noise, but the voltammetric 
resolution is lost. Nevertheless, this approach does permit an estimate of the mass 
loading of the quinones since two protons are deposited per mole. The results are 
collected in Table 9, where the loadings are expressed as numbers of mono layers 
Quinone 
1 A chrysenequinone 
5,12-naphthacenequinone 
benz( a )anthracene-7, 12-dione 
2-tert-butylanthraquinone 
2,3-dibromo-l A-naphthoquinone 
tetrabromo-l A-benzoquinone 
phenyl-l A-benzoquinone 
Number of monolayers 
19 
95 
9 
33 
22 
73 
6 
Table 9 Estimated layer thickness of selected quinones. 
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5.4.3 Quinone Voltammetry: A Comparison of Carbon and Gold 
Cyclic voltammograms of 1,4 chrysenequinone on a carbon coated quartz crystal and 
on a uncoated gold quartz crystal are compared in Figure 98. The same supporting 
electrolyte solution and the same mass of 1,4 chrysenequinone were used in each case. 
40 Ca) 
o 
, 
Cb) 
4[ 
O 
----_--------? V 
E / V vs. Ag/ Agel 
Figure 98 Cyclic voltammograms of 1,4 chrysenequinone on (a) carbon coated quartz 
crystal and (b) uncoated gold quartz crystal (0.1 M sodium acetate, 0.1 M acetic acid, v 
= 0.1 V S·I, A = 0.2 cm2). 
Again, the carbon coated quartz crystal provides the best resolution. It is clear that the 
mechanically deposited carbon layer is able to provide the most efficacious sites for 
electron transfer to the quinones, possibly by providing a wide diversity of adsorption 
site geometries. 
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5.4.4 Dual Quinone Voltammetry 
An interesting question was whether the simultaneous deposition of two quinones in 
sub-monolayer quantities would lead to superposed voltammetry or whether mutual 
interference would occur. To answer this question, a carbon coated quartz crystal was 
modified with both 1,4 chrysenequinone and benz(a)ail.thracene-7,12-dione. The 
principal result is shown in Figure 99. 
-< 25 
:::t 
........ 
~ 
o 
E / V vs. Ag/ Agel 
Figure 99 Cyclic voltammogram of a dual layer of 1,4 chrysenequinone and 
benz(a)anthracene-7,12-dione on a carbon coated quartz crystal (0.1 M sodium acetate, 
0.1 M acetic acid, v = 0.1 V s-l, A = 0.2 cm2). 
5.4.5 Effect of pH on Qninone VoItammetry 
As the pH of the electrolyte solution decreases the redox potential of 1,4 
chrysenequinone becomes more positive ( 
Figure 100). 
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12 (a) 
o 
20 (b) 
o 
+0.5 -0.2 
E / V vs. Ag/ Agel 
Figure 100 Cyclic voltammograms of 1,4 chrysenequinone on a carbon coated quartz 
crystal (v = 0.1 V s·\, A = 0.2 cm2) (a) 0.05 M potassium hydrogen phthalate (PH 4.00). 
(b) 0.1 M perchloric acid (PH 1.00). 
As thepH decreases the hydronium ion increases and the easier it becomes to reduce 
the 1,4 chrysenequinone. The regularity of this shift suggests that this system could 
form the basis of an amperometric microelectrode pH sensor for in vivo voltammetry. 
This possibility is currently being explored by colleagues at Loughborough University 
and elsewhere. 
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5.5 Conclusions 
The carbon coating of quartz crystals has been demonstrated for the first time. Using a 
mechanical abrasion technique, a cheap and effective method has been developed which 
permits the use of carbon as an electrode surface in the quartz crystal microbalance. 
This, in turn, opens up a wide variety of surface chemistries to quantitative analysis. 
The discovery that multi-ring quinones can be adsorbed in monolayer quantities, and 
that some of them have simple and reversible voltammetric waves, now opens the 
possibility of constructing a new generation of pH sensors. 
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Chapter 6 Conclusions 
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6 Conclusions 
Prussian Blue modified electrodes can be used as redox mediators for the oxidation of 
ascorbic acid over a wide concentration range. The Prussian Blue prevents the 
oxidation products of the ascorbic acid fouling the electrode resulting in a re-usable 
electrode for analysis. 
The concentration and range of ascorbic acid that can be determined is dependent upon 
the method of analysis. The spectrophotometric method of analysis using the varying 
thickness of Prussian Blue gave the widest concentration range of ascorbic acid (0.5-25 
mM), although the amperometric determination of ascorbic acid with a stationary 
electrode did display a similar concentration range (1-20 mM). The directed assembly 
Prussian Blue gave the lowest detection limits with I 1tM. Due to the effect the film 
thickness has on the concentration of ascorbic acid that can be determined it is predicted 
that a mono-treatment Prussian Blue film could be used for the analysis of nM 
concentrations of ascorbic acid. The assembled film will have the advantage that the 
film is assembled as the soluble Prussian Blue form, unlike the electrodeposited films. 
The directed assembly of Prussian Blue and analogues, where monolayer-by-monolayer 
deposition is possible, therefore has a lot of possible applications for electrochemical 
sensors, ion selective electrodes, electrochromic devices and electrocatalysis. 
The electrochemical quartz crystal microbalance studies of Prussian Blue and 
ruthenium puiple, both thick film and directed assembly films show that the film mass 
change is not proportional to the relative molecular mass of the cation inserted on 
reduction. This has been explained as the simultaneous movement of water molecules 
on cation insertion/expulsion. The number and movement of water molecules is 
dependent on the cation being inserted/expelled and the film. The apparent molecular 
weight for potassium in a Prussian Blue film formed by electrodeposition and by 
directed assembly (ten treatments) from solutions of Fe3+ and Fe(CN)6 4· or Fe3+ and 
Fe(CN)6 3- are 23, 12 and 5 ± I g morl respectively. The reason for the difference 
between the directed assembly and the electrodeposited film is unclear. The differences 
between the apparent molecular weight for the directed assembly films is also unclear. 
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A carbon coated quartz crystal has been used to study quinone compounds using the 
electrochemical quartz crystal microbalance. The mass change during the oxidation and 
reduction of oxygen surface functionalities on carbon could not be measured. This was 
due to the very small mass change associated with the addition of a hydronium ion onto 
the carbon surface during reduction. More complex quinone structures can now be 
studied using the electrochemical quartz crystal microbalance. The development of a 
carbon coated quartz crystal for the selective analysis of quinones partially fulfils the 
original aim of the project. Due to the unsuccessful attempt to extend the working 
potential limits for a carbon coated and an uncoated gold plated quartz crystal the 
coating of the quartz surface with glassy carbon is an area for investigation. The 
electrochemically assisted covalent modification of the carbon coated quartz crystal 
also requires further investigationl81 • 
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